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ABSTRACT 


S(-05) atoms, generated by the gas phase photolysis 


CX) 2407 nm) Of COS, react. with CoH, to yield vinylthio 
(VT) and thiirane (Th). From the dependence of the VT/Th 
ratio upon total pressure, relative concentrations and 
Wavelength of irradiation, it 1s concluded that VI forms 
by a dual mechanism, direct insertion of the S( Ds) atom 
into the C-H bond, and unimolecular isomerization of the 
initially tormed “not thiirane. The ratesconstant for 
the latter reaction, derived from the experimental 

data is in good agreement with that calculated from RRKM 
methods by I: Safarik. 

Both (3p) and ao sulfur atoms react with allene 
to yield methylenethiirane in quantitative yields and the 
S+ cummulene reactions in general constitute an exception- 
ally convenient method for the synthesis of the novel 
family of unsaturated thiiranes. The non-occurrence of 
the insertion reaction is attributed to hyperconjugative 
effects. 

The reactions with C,H, HC=CCF and CF3C=CCF. are 
characterized by poor product recoveries and extensive 
polymerizations at room temperature. For the case of 
SEL) atoms the primary adduct is likely the corresponding 
thiirene and for (2p) atoms, the thioketocarbene. Both 


adducts undergo further reactions with the alkyne to 
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produce thiophenes and, in the cases of C H> and HC=CCF 


2 3 


benzenes. The product yields increase markedly along the 


series CoH, CHF 3, CAF, and in all cases approach 100% 


at elevated temperature. The S+C,Fe and S+C,F +C5H, 


systems have been examined in detail under varying condi- 
tions of pressure, concentration and temperature, from 


which rate parameters for the addition of s(tp and 


é 


>) 
(~“P) atoms to CAF. could be estimated. The latter reaction 
is extremely slow, in keeping with the electrophilic 
Character of ground state sulfur atoms. 


1 


Thiirene, formed from the S( D.) -rCuns Teaction,- 2s 


23 

highly reactive in the gas phase and undergoes rapid 
isomerization in preference to addition to an alkyne. The 
introduction of CF. groups however confers an enhanced 


degree of stability on the molecule and the bis(trifluoro- 


methyl)thiirene + C,F, reaction is quantitative under 


4° 6 
optimal conditions. The reactivity of C,F ES toward 
C5H5, CHF. and CAF; is about the same, in agreement with 


the predicted nucleophilic character of this species. 

Of the many complex secondary reactions occurring in 
the S + CAF. system, the most important are photoinduced 
lsomerization of the thiophene to Dewar structure and 


addition of S atoms to thiophene. The latter adduct is 


the precursor of a variety of hitherto unknown products. 
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CHAPTER I 
INTRODUCTION 


The chemistry of bivalent radicals has been the 
subject of extensive investigations. The best known 
example is methylene, the history of which dates from 


v 


forty years ago. The group VI A elements, oxygen, 
sulfur, selenium and tellurium are the simplest divalent 
reagents and hence knowledge of their chemistry is viral 
to our understanding of the periodic system of the 
elements. This was not realized for quite some time 
however, mainly because suitable precursor molecules 
were not recognized. 

dbigta SUS) Sps) Cvetanovic?’ ~ showed that nitrous oxide 
was a good source for the generation of ground and | 
excited state oxygen Atonee and soon afterwards sources 
for sulfur, selenium and tellurium atoms were 
Saag, Foe Within the two subsequent decades a large 
number of mechanistic and kinetic data were generated 
and numerous theoretical studies concerning mechanistic 
details of oxygen and sulfur atom reactions with organic 
molecules have been published. In spite of these 
achievements, however, some aspects of the chemistry of 
these species remain uncertain. 


The spectroscopic states, sources, and the general 


chemistry of group VI A atoms will now be reviewed. 
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A. Spectroscopic states and photochemical sources 


for group VI A atoms. 


in the ns“p4 Ground elece ron contigupation, of 
these atoms the outer four electrons are distributed 
Gver the threesp orbitals and, according to Strict 


selection rules, this gives rise to five spectroscopic 


3 q i 
Poel? D. and So: The energies 


of these states are given in Table I-l. Radiative 


ui i 


states designated as 


So states to 


tae oe ground states are forbidden by spin selection 


rules. Consequently, the excited singlet states have 


transitions from) the metastable D> and 


long natural lifetimes with respect to radiative decay 
to the triplet state, and they can undergo chemical 
reactions as well as collisional relaxation to the 
ground state. The large amount of data available 
eoncermning the reactions of these atoms show that both 
the reactivity and the types of chemical reactions are 
markedly affected by their spin states which, in many 
cases, have been well characterized. For all the 
ground state group VI A atom reactions investigated to 


date the reactive entity is the 3 


denoted as 35) which is rapidly produced via thermal 


P. species (henceforth 


equilibration. To date, no data are available on the 


reactivities of ee and a atoms, although only for 


the cases of Selenium and of tellurium, where the 
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Spin-orbit splitting is relatively large, are some 
differences possible. 
AY good seurce compound must satisfy the following 
CEI teria:s: 
a) absorb in an accessible and suitable range of 
the electromagnetic spectrum; 
b) be readily available in stable form at various 
Cempereavures, 
c) be usable in the gas phase; 
d))preduce atoms in clearly defined spectroscopic 
States; and 
e)e produce inert phototragment (s) ; 
The most commonly used gas phase photochemical 
sources of O, S, Se and Te atoms are summarized in 


Taber 2). 


B. Oxygen atom reactions. 


i 


1. Reactions tof O(-D atoms 


>) 
i) Reactions with alkanes 


TiemreaeErons of OCD) atoms, generated from the 


N= 2143nm photolysis of N,0, with a series of 


representative alkanes have been investigated by 


Cvetanovic and eOHOe ere. ee by Lin and De Morey 


De More and Raper,“ and erecently by Kajamotormes Hee 
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in the condensed and gas phases. 


the interaction of o(tp 


>) atoms with alkanes can 


proceed in three distinct ways: 


a) 


e) 


The gas phase reactions of o(p) with CH, 


INSerElOMeInte.C—h bends sto lorm vworational ly 


excited alcohols 
o(+p) +) RE >—— ROH* 
which can undergo fragmentation: 


ROD Ge rt Or 


OG COllsitona Vestabmlization (this aeereadily 


achieved in an argon matrix): 


ROH* + M ——» ROH 


Abstraction Of H atoms eo. torm Oh andralky! 


radicals: 


o(tp) + RH ——~ R + OH and 


a third, as yet unidentified primary process, 


Tt Was concludea that 


ik 


which leads to molecular elimination of H5- 


were studied in detail by Lin and Devore) = employing 


ther less nm photolysis of N 


70 as a source of oct 


On the basis of pressure effects and the results of 


chemical scavenging experiments the following primary 


steps were proposed: 


and CoH, 


Di @iatoms. 
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o(*D) + CH,——» CH,OH* [6] 

—— CH, + OH 7a 

se (CHO) * sea es CH.0 [8] 

The estimated rate constant for insertion is Ke =—)l x 1025 

oie a and the measured value for hydrogen abstraction 
is ko wel 03) pot Mores Vs mele = By asSuming unit 


collisions ekiaciency for) the deactivation step. [9] 


(Oe Oy a ee 


CH,0H* +M-——> CH 0H [9 
and from kinetic analysis of the data, the lifetime of 


CH.OH* was estimated to be about 8 x 10°13 Sic In the 


case of ethane the lifetime of the adduct was at least 
five times longer, but nevertheless stabilization was 
not complete even in the presence of 100 atm He. In 


the presence of 33 atm SF however, a far more efficient 


6! 
moderating gas, increased stabilization was observed by 


Kagamotoy ee Eoin and an extrapolated value of 0.67 
was reported for the branching ratio, i.e., 
ke/ (ke + ko + Ke). 

Yamasaki and eueteneyie” have established that 


the lifetimes of the "hot" alcohols produced from 


a 16 a + a «(Ohio — 
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insertion increase with the number of carbon atoms in 
the alkane substrates, for example, Sore Seton not 
propyl) alcohol and 4 x ees s for hot neopentyl alcohol. 
The mode of molecular H5 EOnmMationm 1s unceriain 
since H constitutes only about, 2=9% «of *the total 
products formed. However, it is generally recognized 
that not all of the reaction paths can be described in 
terms of the unimolecular decomposition of a chemically 
activated ROH* intermediate. Thus, the contribution 
of step [8] is essentially the same both in the gas 
phase and in liquid argon, WhLCh®1LsS Gnconsistent with 


a CH,OH* intermediate having an appreciable lifetime. 


TE ESN OAS 


S 


Furthermore, Cvetanovic and coworkers have 


shown that the abstraction of H atoms by o(tp) atoms 


does not proceed vta ROH* intermediates. 


15) + alkane reactions 


can be deduced from the recent elegant study of Duntz—" 


RULreher Minsights into the? © ( 


who employed laser photolysis in combination with 
laser induced fluorescence to measure the nascent OH 
internal state distributions from the o(1p) + CHy, 
CoHe, C,H, and (CH) ,C reactions. The overall results 
can be summarized as follows: 
1. The OH rotational states are bimodal, hence OH is 
produced by two mechanisms: 
a) winsertion;, «characterized iby a broad distribution 


Of High rotational states, and 
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b) Abstraction ,»~sleading "to jlow rotational vOH ‘states. 


2. he insertion complex undergoessrapid decay to OH + R 
and a slower, RRKM-type decay via C-C cleavage. 

3. Insertion predominates for the cases of CH, and Cole 

but, ts less competitive with regard to abstraction 


2 
LOT CH. and (CH3) C. 
4. he rotational state distribution. for the abstrac— 
tion component is very Similar to that. observed for 


Oe 


PJe tmalkanes reactions (vide anyra)) but does nor 
lead to any marked selectivity in the OH spin 
doublets as was observed for the case of 0 (3p) atoms. 


1) 


On this basis, and because physical quenching of O( 
atoms by alkanes does not appear to take piace =. ae 
was concluded that the abstraction component arises 


from a singlet-triplet surface crosSing in the entrance 


Ghannelvof the insertion surface. 
11) Reactions with alkenes 


In spite of their importance very few results are 
available on these reaction in the gas phase. 


eS and later, Preston and 


Sato and Cvetanovic 
Euetano ie. studied the photolysis of NO, in the 
presence of 1l-butene and examined the effects of 


photolysis wavelength, pressure (SF¢ or CO. uDeto. 3,010 


torr), and inert gases. Below ~230 nm production of 
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D) atoms becomes energetically feasible but even in 
Ehis@regqion Le appears that o(3p) atoms are still 
produced. The major addition products were ethyloxirane, 
i=butanal and methyl ethyl ketone and a large number of 
fragmentation products were also observed. Overall, 
however, the data were inconclusive and it was suggested 
that all the observed addition products arise from 


ore i 


P) atom precursors, the O(°D) reactions proceeding 
entirely €o fragmentation. The initial adduct for the 
l-butene reaction, for example, was postulated to be a 


hot oxirane: 


- = 
OD) = CEILI, a Hee [10] 
which then fragments immediately: 
O 
[C,H. Lae ——> fragmentation Pde] 
a 


The above observations indicate that O(°D) atoms are 
extremely reactive with alkenes. 

The=reactions vor o(+p) atoms with propylene have 
been recently studied by Kajimoto et ae who employed 
the 206e2 —MmMephotolysis Of N50 as a source of o(+p) 
atoms and up to 150 atm He pressure to stabilize the 
hot adducts. The major addition reactions, along with 


their high pressure extrapolated fractional yields, can 


be summarized as follows: 
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es omnes eg Od | CH=CHOH] * > cH CHZCHO [13] 


3 Sea 
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| . M 
— > [CH,C=CH,] —— > CH 3COCH, (ea 
Ls 
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Minor Ramounts 1Oof Hiragqmentation products "(acrolein, 22, 
and acetaldehyde, 6%) were also observed. The detection 
of vallylalcohol “as a majo~mw product, together with the 
observation that ‘the overall product distribution is 
different from that obtained from the O(?P) + C,H, 
reaction, strongly suggest that the reactive species 
are o (tp) atoms. 


The above results show that oct 


D) atoms manifest 
li telre drseriminatvon, moe Only in their insertion 

reactions but also with regard to the relative rates 
Of Insertion and eddition, Mre., addition constitutes 
22% of the product-—forming reactions, as’ compared to 


48% for s(t 


Dy) atoms (vide infra). “This was ascribed 
to the higher energy content of o(1p) atoms. 
About 25% of the overall reaction with propylene 


proceeds via abstraction, 
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OSD) ee Ce ame On + C3H. [16] 


OL COllIrSional cdeackivation, 


1p) + C,H, —— 0 (7p) re eae 


ails BEG [17] 


but it was not possible to reach any conclusion regarding 
the occurrence of either of these steps. 
Recently Kajimoto and See employing the 


direct photolysis of N50 at A} = 214 nm for the genera- 


La Consort o (1p) atoms, have examined the reactivity of 


1 


O(~D) atoms with a number of representative alkenes in 


the gas phase, and reported rate constant measurements, 


relative to the o (tp) + N50 reactions) In absolute 


il: I gael 
Ss 


terms» the values range trom 1.3 x 710 2 mol 


Meine. Se beror 2-methyl-2- 


for ethylene to 6.4 x 10 
butene, confirming Cvetanovic's earlier suggestion 
Ehat o(tp) atoms are extremely reactive toward alkenes 


and consequently relatively indiscriminate with regard 


to the nature of the substrate. 


iii) Reactions with alkynes 


1p) aLoms. waren 


The gas! phase reactions .0fe 6 ( 
2-butyne have been briefly investigated in a static 
system.~° A large variety of non-condensable products 


were formed but the oxygen-containing products could 


not be characterized. Significantly, no methyl vinyl ketone 
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was detected, indicating that the primary adduct formed 
must have a very short lifetime with respect to frag- 
mentation. 

The possible primary steps in the o(+p) + alkyne 
reaction, postulated by analogy with the alkane and 


alkene systems are given below for the case of acetylene. 


0( ae [18] 
ane aa =-OH(S)) * [594 
tO [20] 


where * deSignates vibrational excitation. 


Oxirenes have been postulated as intermediates in 


the peroxyacid oxidations of alkynes>+ and according 


325,33 


EO. (ab trictvo) MO Calculations Stepwise ised 


spin, and energetically allowed process. To date, all 

attempts to isolate antiaromatic oxirene, even under 

low temperature matrix conditions, have been unsuccessful, 

but indirect and compelling evidence for its transient 

existence as an intermediate in the photochemical Wolff 

rearrangement of d-diazoketones and esters for example, 
34-398 


has been reported. The reactions Of interest in 


the present context are: 
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Ab tnttto MO calculations onsthe relative! stabilities 
of five C5H50 isomers and the activation energies for 
some of their interconversions are illustrated in 
Figure I-l where it is seen that although oxirene is 
thermodynamically unstable it is relatively kinetically 
Stable with respect to ring opening for which an 
activation: energy of 27.3 kcal mol? is peedieveds 

Reaction (19), C-H insertion to torm ethynol, as 
postulated by analogy with the Ol=D) + alkene reaction. 
Ethynol has not been synthesized to date but theoretical 
Calculations, (Ftoure= t—)) “indicate that it us) an 
energetically accessible species. 

H-atom ‘abstraction, reaction, [20] is (also 
postulated by analogy with the OD) + alkane reaction. 
The exothermicity Of Ehls reaction: 1s -—136.2 kcal Oe 
and hence energetically feasible. 

It should be noted that the energy levels shown 


in Figure I-l refer to ground state species: it is 


probable that the initial o(1p) teaLkynenadquct, contains 
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sufficient excess energy to fragment within the period 


Orval Vibration. 


2., Reactions of o(7P) atoms 


In most of the studies to be considered in this 
section, triplet oxygen atoms were generated in the gas 


phase (by the meneury sensitization, of N,0: 


3 


O42 HG. P - 


N ) —+ wn, + agits,) + o(?p) [28] 


2 1 0 


This is a particularly convenient source, since N 


serves as an internal actinometer for the amount of 


4,5 


OC PP) atoms fEormed. 


i) Reactions with alkanes 


3p) atoms with alkanes have been 


investigated by Cvetanovic and coworkers” who proposed 


The reactions of O( 


that the sole primary process is hydrogen abstraction, 


net Ae 


0(°P) a Rl es OMe oe IE (29) 


The chemical dynamics of reaction [29] for a number 
of saturated hydrocarbons have been examined by 
Anderson and idee ee employing the molecular beam-laser 
induced fluorescence technique to measure the nascent 
internal state distributions and excitation functions 
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that the vibrational state distribution of OH depended 
markedly on the type of hydrogen abstracted, with 
Vibratrvoneltexcitatvon increasing dramatically valong 
the series primary, secondary, and tertiary bonds. 
Furthermore, it was found that the dynamic thresholds 
for OH formation were in good agreement with experi- 
mentally derived activation energies. These results 
Ehvs CONLIIM tChesidentlity of ON as the primary produce. 
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Absolute rate constants for a number of O(7 PB) + 


alkane systems have been measured by a variety of 
4l : 42 
techniques. EForaecxampile, Atkinson and Pitts, 


employing the modulation phase shift technique, measured 


the rate value for the reaction: 


O(PP) + CyH,,——* C4Hg + OH [30] 
eas Laeeeaio! 2 mol’ s” and E, ~ 5.8 kcal mol”. 
In general the rate constants for the 0 (3p) + higher 
alkane reactions range from Ma” to Tee L mol? Be. 
For SCE and Seana however, k ~ 1 x 107 and 
aya) > ide % “eon = eae respectively, aS a consequence 


of the high activation energies for these reactions, 
9 and (624 keal mol +; respectively. 

Thever rect, of alkyl ssubstitutron Onwthe rate “of 
hydrogen atom abstraction may be seen for the case of 


substituted butanes. Thus, the rate constant values 
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Tol ay. Pemethy loatane — (Mish bed 10/ X yeah = 


oe aa a Sy easels: 


oa and 
: 4l 
2,3-dimethylbutane (2 eee} 
InNealeatercad Maltkedeeerena «in tie Order Mio < 2° = 3° (C-H;, 
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respectively. 


ii) Reactions with alkenes 


0 (7p) atom reactions with alkenes are characterized 


by extensive rearrangement and fragmentation of the 
preamary adduct. =The © atom preferentially adds to the 
least substituted carbon atom and the end products are 
oxiranes, aldehydes and ketones, the yields of which 
strongly depend on the experimental conditions as well 
as on the nature of the alkene. 

The nature of the transition state of these 
reactions remains the subject of some controversy." °° 
On the basis of the observation that the room tempera- 
ure! reaction ot 0(?P) atoms with ezther cis— or trans- 
2-butene affords equal amounts of evs and trans 
dimethyloxiranes, and from spin conservation principles, 
Cvetanovic’ proposed that the anitvalvadduct is a triplet 


biradical intermediate in which there is no barrier 


to rotation and which can either cyclize to oxirane 
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eri undergosineramolecular H-atom alkyl radical shift 


to form carbonyl compounds, for example, 
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The driving force behind carbonyl formation is attributed 
to the high strength of the C=O bond. 


45,47,48 later showed that 


However, Klein and Scheer 
the relative isomer yields were temperature dependent 
in the range 77-300°K, and proposed a hydrogen bridged 
ineermediace in which hydrogen, bonding restricts rotation 


about the C-C bond, giving rise to a planar structure 


as shown below: 
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The reaction then presumably follows a concerted path 
WiEhOUE the participation Of va triplet biradical, ‘The 
temperature dependence of the stereoselectivity would 


then be a consequence of decreased hydrogen bonding 
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with increasing temperature. 
Neither of the above discussed mechanisms are, 
however, tully satisfactory and ian fact ab itnztico MO 
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calculations On the "O(- 2)" +9CAn reaction path and 


24 

on the ground and lowest triplet excited states of 

OXirane indicave that an the first: excited triplet 

State Oxrrane, the BOotationa ly barulen 1Ssprohibitively 

high. Hence isomerization and H and/or alkyl shifts 

are more likely to take place on a lower lying surface 

reached by intersystem crossing, which could be the 

ground Singlet (vibrationally excited) or, alternatively, 

a low-lying excited singlet estate, having LOonic character. 
A great deal of absolute rate data are now 

available for 0(?P) + alkene reactions and some of 

these are summarized in Table I-3. In general the 

activation energy decreases with increasing alkyl 

substitution on the double bond, eventually becoming 

negative, and varies linearly with the ionization 


potential of the alkene, clearly pointing to the 


electrophilic character of 0 (7p) atoms. 
iii) Reactions with alkynes 


Triplet oxygen atom reactions with alkynes also 
lead to extensive fragmentation of the primary adduct. 


The pEOducts 1n general avespolymer, CO, alkenes and 


on on ap dae 
ign S04 patsenas 


yelgaar Sots one sash ould) foils 
‘5 a> dais reaashtedes #63 dears evant 


gtavreiaide td 


[me 


atitifq’ Syrian’ 


axe apy. Ott yt 23404 -6 


als oo Se hotrulo-0e 


~ekevivesssIt> «39 


tc) Oven 


yerwIe"(s VA 


inate 2ae a Bt 


Sri a iy ° 4 20 t 

* ‘ Pe ites “wT : 
‘ 

cle sity BHO TO ¢ 


migvoeet vi ile.iorm 


aot 4eelan.. gay « 
' 


sa? cf piIyaales (i 


eeu ie 


fee: as ?. 
~ era 
aati = eee 


ict Bs ca 
ee « ‘eeares™ ‘ 
3s ouree ators taka Fouwad: brie mete 


a Bits ndhanseneneat qura 


peapad @ i «eC 


a 


atest 


spat Ghee co yledit mice 16 


afi?eo0" > 


»>ual6 


=i 


cH pe 


is PCAs awa te? 


.) 


fasevasyeool et Sees 


4aZoutla Bosse? eqiviewol 


-_s 
ave fav te 


hod 


sol owie 


ate 
srA? ada. Te Seah SARep. A 
edly og gut eiderievs 
aDict oe. el 3 gee ota 
i @4a2raa2on0 Geese pst sev Bee 


as 


avizew Sune ,ovlsage 


77d 


eal 6 ee 


ty nimi tony (A 


baend hai Pan efialtyeey moe eyo 
Saad cmenigene'l avian 


a 4.202 


-_ a 


: Im tee 


aft 


owes SEeene 


AA, 


“6S See rag ty OC patos 72H. a6 pe eet “9G 90UeTe9FeT WOAZ ejep -aUaTAYJIOIONTJAed = ddd, 

SCE SEITE “YC €G Sse tegon Wolfs BJEp fauaTAyJaTAyJeuwerqsq = AWL., "7S ame tr "40867, 

ne 

= = = = = = Oey Gee Tie 0 = - = 4ddd 

- - - ~ - - = = = Le OD oT Z120 eueTTV 

GZ°0 Se CaRe = = = ONS TS We PF IO 1) €6 0- 8°6E 5 aWL 

= = = 0°77 Org 6296 SeaG 98°0- C7 ae O10 qv ol eusyng-os7 

= = €°9 0-02 Ca ECT CaS S0- ORG Ie Saad Lt°0- 8 0T 9ue Nng-7-s7o 

= = Sl OE aa Sac Gay Cc.0=5 6026 Ge 99°0 q8t “2 ous yNg-T 

CGa0 9°0 Cat One Ve pee O°OT 9€°0 8S°¢ 9°L CLO 62°72 eueTAdoig 

Oot GEEZ Ciao Oannr Cg 78°0 Os0T CAL 78°0 OFZ laa qe? 0 sue TAyqY 
we res es = ee ae a alo = oe 7mrou — 
eos Nes es ety ae Los es ye en bee za bom 

gOTX¥ a eel poouey Ee panes aq ee es! eS SOUSATV 
10 4,)°E yal 4.) 2s Hows (d,)0 


Cale Lec 


a. 
hs 


> 7. : sine 
| @eouk ot: WT arcunetsq eopataa bat <7 
SiGe Setyiae 4 Besa 


J 
; ot. 
a 


= 7 7 ; 


- an) as) 


5.0 
ea | Pix 4 te bh ; 
oy’ : es : 


. 2 nn) <! : 
oe fee. Pag ge ne See wowealtA: 


aw Y «a : 


fd bow eh ay 


: _ eae —— ee 


ee ee 


- 7 a 
fi tiek eet ia A pees © wy 
: 8¢ erase @! s7@ aw 


Shame AME sqe wl? uo 
; ? ays Ved 


= oe é wiv” = ares oN 


unsaturated ketones, and the distribution strongly 
depends on experimental conditions such as temperature, 
phase, pressure and nature of the alkyne. 

The 0 (7p) + CoH, reaction has been investigated 
in considerable detail under a variety of experimental 


eonateions sent o- 


inypehe gas phase thermmajyon products 
are CO; Hos propadiene, propyne and polymer but under 
SOolilG matkix concicervons (20°K) ketene was detected. 
This observation prompted Haller and Pena S 15{8) 


propose that the primary adduct, 


O(°P) + CoH, ——+ (C,H,0)* [35] 


has a lifetime sufficiently long under matrix isolation 
conditions to allow isomerization to excited triplet 


state ketene: 


(C5H.,O) * area OO) he [36] 


Attempts to detect ketene in gas phase experiments have 
been unsuccessful and it has been shown that the hot 


adduct fragments in several different ways, e.g., 


* 
(CHO) * pepe deity + ©) (e-7] 


ae Hi op Cele [36] 
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Reactions [37] - [39] were estimated to account for 25, 
O23 vand 42) (210), wespectively, of the oxygen atoms 


Pounder 


The remaining fraction of oxygen atoms 
presumably ends up as polymer. 
Reaction [35] is extremely efficient, and the rate 
parameters sree oe k al ee ane. ae Sole ys ion a 
Bi Re 
Haller and Pimentel proposed the following structures 


£or sthe C,H,0 adduct: 


O 
Ws TEN 
HC=CH and HE—CH 


A B 


Structure B would correspond to triplet state oxirene 
and Ore ag A may be identical to the formylmethylene 
Structure HC-CH. With regard to the former possibility, 
as’ Yew unpublished ab ¢tn7iczvo MO calculations from this 
[averse indicate that triplet state oxirene lies 

68 kcal ei above the triplet state ketocarbene, 

and thus is probably not energetically accessible. Even 
Lt eehe C,H,0 adduct possesses a diradical structure 

as in A, any possible change in this energy separation 
should be minimal. In general, theoretical calculations 
on the reaction paths involved in the addition of 
divalent species to unsaturated bonds concordantly 


predict an unsymmetrical approach to one of the carbon 


atoms. For these reasons it is suggested that the 
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diradical A (or its formylmethylene isomer) is the 


primary adduct formed in the 0 (Pp) - C,H, reaction. 
é) 


The O(°P) + propyne reaction at low pressure was 
investigated by Brown and Thrush? im aadivscharge flow 
system, in which oxygen atoms were monitored using ESR 
spectroscopy. Since no propyne-oxygen complex was 
depeceed,, they vconcluded @thatetne overallwinitvalystep 


of the reaction is 


o(?P) + CH G=Cu ———> CH,CH + CO [40] 


and reported Kao =S see te Olea) x10° x oe ere Ge e219 Gerke, 


The propyne system was later reinvestigated under 
static conditions and at moderate pressures by Ogi and 


siaemen. The major products were CO, Ho, CoHo, CoH, 


and acrolein (CH,=CHCHO) . On this basis and from the 


pressure dependence of the relative product yields, 
the following reaction mechanism was proposed (where 


*SLonNLoles Vibrational excitation) > 
O 


so I 
OCS « ee ean es (CH ,C-CH) * [41] 


5 


The vibrationally excited ketocarbenes may then isomerize 


to ketene, 
me, CH 


OCG ores C=C=0* [42] 
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be thermalized 


O 
oe Hil = i 
ORT LOOT AB iM a (es LOG [43] 


OF Undergo 1,2 hydrogen shite to yield acrolein: 
O O 


Il 


cael 
CH,C-CH* ~———® CH,=CH-CH [44] 


The major products observed arise from the decomposition 


of the methyl ketene formed in [42] 


CH H 
=< hy we 
eee Cn * [45] 
H or # CH 
8 
H* 
a wate 
Cl CH=CH, [46] 
CH, 
oy er HRC (47a 
CH=CH. * 


CH=CH. H, [47b] 


Steady state treatment of the above mechanism 


predicts the following relation: 


R 


CH. =CHCHO ky M4) 
Roo Kao 
, : i O% eae 
from wave was estimated to be ca. 4.4 x 10 s A 
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The dimethylacetylene reaction was investigated by 
Ogi and Strausz°° and by Avery and fea who 
reported basically the same results but differed slightly 
in some mechanistic aspects. The principal products 
Of -Ehe reaction are CO and CH, in nearly equal yields, 
and methyl vinyl ketone (MVK). Ogi and Strausz noted 
that while the MVK yield is enhanced and the CO yield 
is suppressed by increasing pressure, the sum of the CO 


and MVK yields is pressure independent. These trends 


were explained in terms of the following echenger re. 


O 
3 > Ey! 
O(~P) + CH3C=CCH, ee CH, E CCH, (T)) [48] 
a || ful 
CH3CCCH, (T)) = Sa) ee) [49] 
O 
+M sa 
—— CH,CCCH, (T)) [50] 
Q 2 
sil 
CH,CCCH, (T)) ree CH,=CH-CCH, [50] 
(CH,) ,C=C=O(T)) — > CO + (CH) 5C [52] 
(CH) 5C ee ie CH CH=CH. ae) 


which predicts that at very high pressures the only major 
product should be MVK. Avery and seen’ proposed that 


MVK 2s formed via a carbene-enol—-ketone rearrangement 


O OH 
oe ih} 


Pos 
GH CCCHe4-——— = CHa C-C=CH 
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cHecoc cH, ee Gh AOE [55] 
na i 

CH ,-C=C=CH, * =——* CH,-C-CH=CH, * [56] 


but there 1s no experimental evidence for the intermediacy 
of an enol and inclusion of this complicated sequence in 


the mechanism appears to be unwarranted. 


Recently Shaub et pile 


reaceions: Of 0 (7p) atoms with a series of l-alkynes, 


studied the gas phase 


employing the flash photolysis-CO laser resonance 
technique, and used the vibrational energy distribution 
Of sthe COlproduct, to: elucsdate the mechanism of 0 (7p) - 
alkyne reactions. Their results are entirely consistent 
with the mechanism proposed earlier by Ogi and ehieemie. O° 
Some selected rate parameters for the reactions 
of o(?P) atoms with selected alkynes, determined by a 
variety of techniques, are given in Table I-4. The 
observed trends in the rate constants and activation 


energies are Similaryto, those observed for the case of 


alkenes. 
Ce Reactions of Sulfur Atoms 


i Sources of SUlEUT atoms 


The photodissociation of CS, has been shown /4 tO 


yield s(>p) atoms in the 190-210 mmeregion, 


Zee. 


yon Sid 20, 33ne8 iva Lemna bn tel 
ak earbip te. boreatiaie> ait ta obtnltsns: Butt toe a 9 
Seanerteyn ‘ad 9" zEae qe soiwertoea 9d 

s4etq) £60 git) hocbitde a . ye: Se GTKS uipaenen 
eatyite-P to notese a tilw amish (3°19 to emvlsoee 

= siselaseia dapi® ofa pabyoig 


repsaguliseca. “roe badias Janie eas desu: base aupi toss 
jadiiowy 09 od? BO0: 


7 
asereine ss tose 


il teX 40 ao meaivindoee att e220 te Sg 
qesaj ene a3 mkse- 378 dtieaes Tiadz «shes Ieo4" — 


fa 
p38) (GRONOT4 Ate adoum oad ioe a’ 


shheese for t7o wi 4964 
sis ioklezageniassy 3561 vatoolos mee 


- dew snes i<*50 io 


erussouns 
a yd) Langabres®. .4enye le Be tows 
ip as »soupinieed So yseltere 


vi abYou2 bevrsedo . 


7a Geass gad 36% iyveseds 54 pata od geiirmse @te uolpreta 


adv <b-t Side? ai me 


weisevidss be #255" 1 ates «> 


eonekiau 


etgta swotut so gucl ime = ss ; 
; ja a 


jigs sU%iy 36. ee arase 


286 


ey eek 200 STEALS FBICD SAIL ee ods *99 eouet Fea) ry. ea saaet “TH MEE EO 
= = 10 = = = eudynq~7-oltonTyjaeg 
= _ = - = 37 OF9°E SUAXOH-T 
€7°O G8°0- O°ST - - - euxkjUag-7 
= = = = = 59° 0*6°7 ouAqUag-T 
8S°0 a0 = On 91 0°9 i i p2 6¢ oud jng-zZ 
T6°0O 9°0 ‘cnne O21 2) IE ao ob oud qng-T 
OO @ 6 °C 8° Wey? Te GE~ il q72 euddoig 
Oeaee Og Se 0) Ly Ome Se) 0) suaeTA IOV 
ee Se 
S oul OU Teo S ow S ow ow Jeo S oul 
T- -! % t-! Tey I- 7! % Ti pe ¥ t-/ Tey [- 1-" ni 
e e 
Xx xX 
ot -0 L¥V a gal 4 ot -Ol*¥ a g—0l 1 suANTY 
z(d)s (d_)0 
soudyTe pe zoO9sTss 
4FTM SUOTIOVSA WoOWe (ae) Sue S4ZUeFSUOD 33eyY 


€ 


Vat adv 


(d.)o tOF StojJowered sntuseyszaiy pue (10862) 


en ee 


5 ee 
*hiGehad 


a net EL 


SE ST 


ee ieee oat auita rote 


Zio 


5 


cS, + hv ——~ cS + S(-P) ee) 


Z 


and this source has been employed in some flash photolysis 
studies. For continuous photolysis experiments, however, 


CS. is not suitable because reaction [57] is a spin 


forbidden process and leads to a low s (7p) yield as 
well as to polymerization of the CS radicals. 


The photochemical decomposition of SPF, was studied 


3 
briefly’® in the wavelength region 190-210 nm, and 


apparently produces s(tp atoms: 


>) 


SPF. + hv -- s(tp 


3 + PF [58] 


2) 3 
However, PF. almost certainly undergoes reaction with 
substrates and no further studies using this source 
have been attempted. 

The most useful source of sulfur atoms to date is 
EMne, pPnOLOolysss of “carbonyl sulfide,” be wSeangas, 


readily available and soluble in most organic solvents. 


The spin allowed photodissociation process 


yt). Seah) <= co (aaiesi( ps) [59] 


COs D 


requires 98.8 kcal Wola corresponding to A < 290 


Nise ACCOLd Ing «tO MO calculations’ the lowest lying 
electronic state corresponds to a i > 1* transition 


(37 + 3n7*), with an energy requirement AE = 4.8 eV or 
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The L£iesteuy absorption! band Of + COS, “which Shows 


vVibrativonaly Struceure, extends from ¢a. 260 nm to the 


TG 8 


vacuum UV. The shorter wavelength region of the 


band is independent of temperature but the longer wave- 
length portion has a positive temperature coefficient. 
The mean radiative lifetime of the excited state of 
COS=ls- 43 3x ome s. The quantum yield (0) of CO 
formation in the gas phase photolysis is 1.8 at 240 nm! 
i(ORe Poos > 100 torr, and, theretore the primary step [59] 


must be followed by an abstraction reaction: 


lit 


2 GOS? == CO eS [60] 


2 g 


The quantum yield efficiency of primary step [59] is 


7 ana solution” phases. 


O79 ian the gas 
The earlier suggestion © that S(°P) atoms may also 


be produced in the spin forbidden primary process, 


cos(tz*) +e hy ey) + S (7p) wie | 


has recently been confirmed experimentally’ ” from the 


kKenetres on the 240 nm DhOLolysis Of 300 torr COS: in 
the presence of very low pressures (1-30 torr) propylene. 


Thus the observed variations in the CO and C,H-;S yields 


Samo 


with increasing propylene pressure can best be explained 


if it 12S assumed that only 67-742 cf the sulfur atoms 
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produced initially are in the tb, state. 
The complete mechanism should comprise the following 


additional reactions: 


s("D,) COs te ee cos We ae) [62] 

So) Manage) ore oD) [63] 

aj Veta es eee [64] 

2 g 2 g 

s (3p) + S i) S etc [65] 
oe ¥ one 


To date there is no direct evidence for the deactivation 


step [62] although kinetic analysis of COS-alkane and 


80,108 


COS-alkene systems strongly suggests that this 


step is operative. 
Absolute Late constants for two of the above 


reactions have been measured. Using the flash photolysis- 


Kkimetic. spectrocopy technique. |~Donovan e7 ee monitored 


the growth and decay of the Sey) state and reported 
ae lowers Limit 2of 4x 10.” Q one got for the rate of 
abstraction by Siwy) atoms, t.e., step [60]. More 


recently, Donovan and Goworkers:- were able to monitor 


the s(tp atom concentration directly by time resolved 


>) 
atomic absorption photometry of the 167 nm resonance 


transition (3p° ie [Deo = 3p" (D5) and reported a 


Value lof 7.23 X 1019 Q oie a jeane qalglay eye fatzkiat=\ cee 


decay of s(tp atoms, Lse., steps (60l and, [62}). 
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Klemm and Davis, °° employing the flash photolysis- 


resonance fluorescence kinetic technique to monitor 


6 ae 


Ss (Pp) atoms, reported a value of 2 x 10° 2 mol - s 


for the abstraction reaction [63] and measured an 
acelVvarlion venerqy Of 3.63 40.12 kcal qteke =. 


In the presence of a reactive substrate, additional 


reactions such as 


S("D,) + substrate ——~» product [66] 
3 
—> S(P) [67] 
S(>p) + substrate m—-», product [68 ] 
must be considered in competition with steps [60], [62] 
and [63]. This mechanism may be evaluated in the 
following manner. If the rate of CO formation in the 


absence of substrate is defined as Rae 
0) 


: if 
co’ 2 Where the rate o 


CO formation in the presence of substrates R 


then the rate 


Of seOtale on arom: L@OmhtlatLOn ws sre 


co’ the 


total wate of Sulfur abstraction, step [60] and [63], 


is given by 


= (R 


0 
Rabst. i Rao’ 2) [1] 


CO 


and the rate of sulfur atom reactions other than 


abstraction is 
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reaction ok ~ Rao) [IT] 


THUS, Scene stOtal rate Or sulfur atoms produced is 


@) 
aE = 
Rabst. Reaction Rao/2 [ii7] 


These relations therefore allow product yield analysis 
im terms of suliur atoms produced in the photolysis, 
provided that complete product recovery is possible. 
Moreover, the availability of the absolute rate constants 
for steps [60] and [63] permits the evaluation of the 
Face sCOnsSteanis, 2Or reaction awilth the substrate, ane., 
Steps [66] and [638] 
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POu the study of Si(*2) atom reactions the mercury 


sensitization of COS has been employed,’ 


Hg (°P,) + COS ——» Hg(*s,) + S(*P) + Co [69] 
with > (co) = 1.0 and 169] = 0.9. sAlternatively, 1 has 
been enone eared oe Ghat CO. deactivates SD) atoms 
tO the Ground state very effectively: 

a 3 * 

S ( D,) ae CO, ——> S('P) + CO, [70] 

Since the presence of a large excess of CO, (CO,/COS = 6) 
6 O47, cio 


has no detectable effect on the CO yield the 


following reaction 


COS 7a COs. CO man eZ 
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can be ruled out. 


The sproduct1on Of Stes 


COS ee te Col eet ase) 7o 


requires a minimum energy of 136 kcal mol corresponding 
torr 20.5 nm.  Thas step is predicted’ EO.Ordginate 
From a DN=i* transition (960° > 47%) with a calculated 
energy requirement of AE = 5.9 eV or 136 kcal mole. 


The reactivities of s(*s 


S7.=6.9 


0? atoms have only been 


studied recently. Since product analysis has not 
been performed, only absolute rates of quenching and/or 


reaction with various substrate are available. Because 


Gf the forbidden nature Of the: transition to-tne ground 


state the s(*S,) State is relatively long lived and 
decays over 100 us, and can be monitored either by 
absorption at 178.2 nm oe, < *s 0) or by the emissions 
at 772.5 nm (1S, + “D,) and at 458.9 nm (1s, + 7P,). 


The absolute rate constants for the decay this 
species, as reported by Donovan, SCLOngGiay Vay wien 
the nature of the substrate and the type of interaction. 


For example, in the cases of Ar, Ho, CO., CO, the decay 


5 thy al 


values are low, in the range 104 to 4 x 10° 2 mol sg , 


corresponding to quenching, while for H5S, CS.5, NO, and 


NO, the measured rate values are (2-5) x 10ott Q “oil ae 


suggesting a chemical reaction. 


| ss way aie oa va 
vet? | | ‘ize jae aaa ¥. re 


qian 714 tow) GED ‘ysite onistim 4 
|  etentpiye 3 '_fecteesg ao setoae ti?) tat. 
pase lilies a fC A Sa) ia ate) inning 
oor ft ee oe av a 4%) to) Inston pO m 
a v2 ag keets iy troren eet 
ihe Gat BFEYs ECE IOFF eT fats GEATE tonsa ‘ 
Ie\Gie “wns mee Sits tome: advieSday gine sawtetsey. 


ees cpeTiecve eroLte? 42tw @piasses 


nord inti oye T PIF fy 


Vig mem .eidelin’s 


AUER) et ne Sila sseees ‘ST Ts Biser bliss ond | . 


ing perl cae: oto. “4acur. a4 Siase inte dat 3 onsite 
td vrifzs) $a3rep ron “<i Gh bse 1 e OdL Saws agevel 


salesine Gh Wt as Wwe _ ca. SOP ER Se GOs 
n° - Y. 22s a5 ° af ec 
1 gs a a iF nc | 7« ies ae | gy” q ain a4 ‘ 


spl ene sh so? «2 ye? saci ‘fo a rutonae Ont 
Gaaw ‘yay vipsete a) goed 1 «ay tatageggee’ €8 i 
etgoaxerts To a> ats Ste ytepredce’ aa Fe sehen 
yor ate ddr 09 vg. 1A aF atiee ena nt. ss 
at sein. eS) +F bias ars code etsy it ick whim 


: Boe er sepa neptesey Litto RENT, ti quelle 
ry ise o il 1-8) -* oe esulav ater hotunatin § 


otadéns rei 


1 


Dees Reactions of S('D atoms 


>) 
i) Reactions with alkanes 


Si D.) atoms react with ethane, propane, etc., via 
concerted C-H bond insertion to yield the corresponding 
TSOMeric thiols mn approximately statistical eneteen Ue! 
in terms of sulfur atoms produced, approximately 74% are 
scavenged by the alkane. With increaSing alkane pressure 
the thiol yields increase but never reach 100% in terms 
ofpsulbtuc atoms produced, and the limiting CO, yield 
remains about 20% higher than Benes These results are 


illustrated for the Si aep + ethane reaction in Figure 


i-27andwelearty andicate that the only fate of "the s (7p) 
atoms present in this system is abstraction from COS, 
17, eee, Seep 163]. 

As mentioned above, the reactions with higher 
alkanes afforded only the corresponding thiols in good 
yields and since products that could have been formed 
from radical precursors were demonstrably absent it was 


concluded that thiols are formed by concerted s(*D,) 
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Kinetic analysrus of Che wecOs—alkane Eystens ) oe 


indicates that deactivation also takes place in parallel 
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+ RH SS + RH* [74] 


and the rate constant for step [74] lies in the range 
Hime a0 7 eae 0s mol) 9 ea 
The, ScavisteLecalrdistribubien Of the thiol products 
indicates that the rate of insertion in the gas phase 
1S indiscriminate with respect to bond prey 
The estimated gas phase rate constants for insertion 
are all close to the collision frequency values and lie 


Ae Q eas Be The activa- 


an the range (122-0: 7)) x 10 
tion energy is estimated to have an upper value of ~3 
Kea mole The nature of the transition state of the 
insertion reaction has not been elucidated at the 
present time. 

The reaction with methane leads to extensive 
fragmentation owing to the short lifetime of the adduct 
aS a consequence of the small number of internal 
degrees of freedom in the molecule. The final products 
are CH,SH, H 30SCH3, CH,SCH3, CSor CoHe and Hos 


and the fragmentation process is envisaged by the 


251 Cr 


following mechanism: 


Gry + CH, ——» CH,SH* [75] 
mip gaan + SH [76] 
——+ cH.S +H aa 
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CH,SH* Seeeement CH, + H5S [78] 
—— oe CG 2H. [79] 
+ MM —— CH3SH + M* [80] 


only av extremely high pressures (beyond 2° atm) Ws the 
hoe -thuol formed “in “reactivon [75] expected’ to be 


stabilized. 


themmeeecteions Of s(1tp ) 


With the exception of CH 5 


4' 
atoms with alkanes afford the corresponding thiols in 
nearly quantitarvive yvelds. "This Ws ‘in Sharp contrast 
with the OleDs) + alkane systems (section I-l, i) where 
fragmentation cannot be suppressed even by several 
atmospheres Of a moderator gas. This is undoubtedly 


a consequence of the high exothermicity of step [1], 


1 


CvOe a Lom Che wloeactlon, © (aD) tC Ho Car Ona) sx 
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AH = -140 keal oie! whereas the s (tp) + CoHe = C.H,-SH* 


reaction the exothermicity is only -82.8 kcal mol? 


A Similar argument may be used for the reaction of 


o(tp) + CoH, + C,H,” + OH’, AH = -48.9 kcal won 2, Se 


compared to s(tp) + CoHe x> CoH.” + °“SH with AH = 
-11.6 kcal oles Thus, the small exothermicity of the 
last reaction offers a satisfactory explanation for the 
absence of H atom abstraction by the s (tp) atom from 


alkanes. 
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11) Reactions with alkenes 


S("D.) atoms react with ethylene to yield two 


Products, thiaranes(Th) and vinyls thiols (Vl) 1n- about 


a 


equal amounts for C5H,/COS 2 3 EWith nagher 


alkenes all the possible alkenyl thiols are produced, 
but only for the case of propylene was vinylic thiol 


detected. Alkenyl thiols are presumably formed via 


(Ip 


insertion into the C-H bond, by analogy with the S ) 


2 
tTedikane reaction (vide supra), 1m Competition with 
cycloaddition to the double bond to yield the correspond- 
ing thiiranes. ‘The sate of insertion into the primary, 
secondary and tertiary C-H bonds of alkenes is also 


10 EP 


hearly statistical: For example, the following 


steps are involved in the reaction with l-butene: 


EN 

Sms) + CH,CH,CH=CH,———> CH,-CH,CH-CH, (708) [81] 
SH 

——> CH,CHCH=CH, (208) [82] 

———*_ CH, =CHCH.CH,-SH [83] 


In general, the Sey) eyeloaddition and insertion 


reactions proceed with rates close to 1/20 of the gas 


10 dit? 


Kinetic collision frequency, 1.e., ~10 ) Suelln & ; 


and upper values of the activation energies are estimated 


to be 1-2 kcal mole: 
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The product yields iam the s(1p 


ely oak 


>) + alkene reac- 


tions are close to 100% in terms of sulfur atoms 
produced and as the alkene pressure increases the CO 
yield decreases and becomes very close to the Bee e 
value, suggesting that all the sulfur atoms can be 
scavenged by the alkene. The above results are best 
illustrated by Figure I-3 for the case of ethylene. 

The effect of halogen substitution on the reactions 
of s(+p) atoms with alkenes was investigated by Wiebe- 
who observed that vinylic type thiols were formed only 
for the case of those alkenes where a terminal =CH 


2 


group was present, i.e., 


R H R SH 
s(*D,) + pea ivan a0 [84] 
R, X nf ™ 
where X= 9F >. Cl. Cyevoaddition and insertion into the 
C-H bonds of the R groups were not affected but product 
recoveries were not quantitative. 
To summarize, the s("D,) + alkene reactions lead 
tov the, vibrationally .excitedvaddition or ansert2on 
products, thiiranes and thiols respectively in quantita- 
Eivesyield- This) 1S.an sharp Contrast to the o(tp) + 
alkene reactions (section I-l, ii), where fragmentation 


predominates in the gas phase and H abstraction takes 


place in competition with addition. The reason for the 
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apparent difference in the chemistry of o(1p) and s(tp) 


atoms with alkenes is again related to the large 


difference in exothermicities of the corresponding 


reactions. For example, AH = -144 kcal wel for the 

o(1p) + CoH, > C5H,O* reaction bubs only —91-2 ikea l moles 
a 

PORwee her > sD!) C,H, = CH,S Greaction,. 


iii) Reactions with alkynes 


The reactions of SiaDsp atoms with alkynes have 
only been briefly examined and are characterized by low 
product recoveries and extensive polymerization. 


The gas phase photolysis of acetylene-COS mixtures - 


aLiorded icO, CS5, benzene and thiophene in a combined 
yield of 5% and large amounts of solid polymer. Unlike 
the S10 + alkane or alkene systems, where the product 


yield increased with substrate pressure then remained 
constant, some unusual pressure variations, illustrated 
in Figure 1-4, were reported. 

It was suggested that the initial CoH,S adduct 
could be thiirene and/or a biradical isomer which could 


be formed either in the primary process or by ring 


cleavage in thiirene: 
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5 C,H,S 
Benzene was thought to form via the following 
sequence: 


C5H,S + CoH, ee CyH,s 


C,H,S + CoH, —_— CoHes 


CeH-s an GG ar AS 


Lo was proposed that thiophene forms vw2q cyclization 


of the C,H,S species formed in step [88]: 


CAS) a U \ 
S 
No detailed mechanistic interpretation was offered for 


CS LOLriatLoms 


[87] 


boa 


2 
The gas phase photolysis of methylacetylene-Cos 
mixtures’> led to the formation of CO, dimethyl thiophene 
(3%) and trimethylbenzene(~2%); the balance was solid 


polymer. CS5 was not formed. 
In the dimethylacetylene-COS Heel, studied 
under Similar experimental conditions, the only 
condensable product of the photolysis was tetramethyl- 
thiophene(~5%). Hexamethylbenzene and CS> were demon- 


strably absent. 


The photolysis of perfluoro-2-butyne-COS mixtures 


has been Seagal at 2} = 228.8 nm. ~The only condensable 
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product observed was perfluorotetramethylthiophene (PFTMT), 


the yield of which increased with CyFe pressure to ~50% 


while the CO yield decreased very gradually and did not 
reach its half value even at butyne pressures greater 
Bens 2.0 O00 ME Omi. 

The initial s(tp 


S e 
ee ; : : | : 
thairene, f—\ , or a biradical species HC=CH which has 


Seay ere) 


) 4+ CAH. adduct could be antiaromatic 
D yee. ae 


been shown to be isoenergetic with thioformyl- 


i ; ; ; 
methylene, HC-CH. Other possible intermediates are, 


we aes CaOr, H,C=C=S 


but the following results militate against their 
intervention. 
In flash photolysis-kinetic mass spectrometric 


94 


studies Or eCOs—G mixtures a transient species 


VD 
corresponding to mass C5H,S, was detected, of mean 
lifetime ~ls. Similar experiments with other alkynes 

led to the detection and lifetime measurements of the 
COrresponging: sultur adducts, e.g, with methy lacetylene, 
5s> damethylacety lene, /S; and pert luoro-2—butyne,, 0.1s- 
These long lifetimes negate the possibility of elec- 
Eronacally excited) Or cradical—lake carriers. Also, 
thioketenes were ruled out as alternative structures 


because their formation would require an intramolecular 


hydrogen, methyl! or trifluoromethyl. group magration, va 
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shift which must somehow be reversed to form the thio- 
phenes observed in the static photolysis experiments. 
Moreover, this=migration should be Leasteiikely for the 


case of perfluoro-2-butyne and yet the thiophene yield 


in this system was the nigneston. 


On the basis of these considerations it was 


concluded=that™ the primary adduct of the 3 + alkyne 


reaction is the corresponding hiieenen = 


Ti Orader to Obtain More SubsStantlative evidence 
for the transient Existence of thiirene, alternative 


C5H5S precursors were considered. It was anticipated, 


for example, that the photodecomposition of 1,2,3- 


thiadiazoles would proceed via N, extrusion and genera- 


2 


EOneeo rr a C,H5S biradical species which could then 


rearrange to thiirene: 


a 
RO—Ch p—\_ (os) 


The gas phase photolysis (A = 250 nm) of a number of 


O42 


thiadiazoles (R = H, CH.) was examined and the 


5} 
major products were found to be N5 and polymers; small 
amounts of CS, and the corresponding alkyne were also 


produced. In the presence of hexafluoro-2-butyne, 


however, 2,3-bis(trifluoromethyl)thiophenes were formed 
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>) + 2-C,F, 


system. Moreover, photolysis of either 4-methyl or 


in pressure dependent yields, as in the s(tp 


5-methyl-1,2,3-thiadiazole in the presence of 
perlbluore=2-butyne led to the formation of “S-methyl=2;,3- 
bis (trifluoromethyl)thiophene as the sole product, 
indicating that both thiadiazoles generate the same 
indistinguishable intermediate. Of all the possible 
CHAS isomers only thiirene and methylthioketene can 

be considered as viable structures. However, if methyl- 
thioketene were the reacting intermediate, two 
rearrangements would be required: one foretne irre — 
formylmethylene > thioketene transformation and the other, 
in the (CHS + CAF ¢) adduct. Moreover, the expected 


product would be the 4-methyl isomer on account of the 


different migratory aptitudes of H and CH Hence, it 


3° 
was concluded that the reactive intermediate in the 


thiophene-forming reaction is thiirene, 
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and that the same mechanism applies to the thiophene- 


i 


forming step in the S( D5) + alkyne systems. 


Subsequently, a number of thiirenes were isolated 
and Cherscterizea 9° from the low temperature photoly- 
Sis Of matrix wsolated |,2,3-thiadiazoles and vinylene 
thiocarbonates and their chemical properties were 


Sear to be consistent with the results of ab inzttio 


MO eaealatwonee “1° 


on the relative thermodynamic 
stabilities of the lowest singlet and triplet states 


of the six possible C H,S isomers, Figure I-5. 


2 
Of all the possible isomers only thioformylmethylene 
is predicted to have a triplet ground state, although 


it 


themwi—-S energy Separation 1s small (8 keal mole). 


Oneal 
The thioformylmethylene-thiirene rearrangement, step 
[93] (R = H), would appear to require vibrational 
excitation, in agreement with the observation that the 
Ehiarene yields from matrix isolated 1,2, 3-thiadiazoles 
increase with increasing photonic energy. 

The shorter C=C _ bond distance>~ in thiirene as 
compared to ethylene and cyclopropene, suggests a more 
efficient C=C overlap and the chemical properties of 
thiirenes, by analogy to those of allenes, should be 
intermediate between those of double and triple bonds. 


At the same time the weaker C-S bonds become more 


reactive, leading to rearrangement, self and cross 
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FIGURE I-5. Calculated energy differences of the C5H5S 


32733 
isomers. 
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dimerization vita ring opening. 

Enegeneral the reactivities of thiirenes) depend 
upon the number and type of Srigseenemeee and the 
experimental conditions. It has been shown, for example, 
that electron-withdrawing substituents markedly enhance 
the stability of cnieene 

The most predominant photolytic reaction of 
thiirenes is rearrangement to thioketenes. This 
probably takes place via the Wolff Rearrangement of Sy 


Eni@ketocarbene LOrmed as a. result of €—-S cleavage, 


S 


S 
oe {I 
ae + hv —»RCCR(S 


—— hae Co 9S} 


ie 2 


although the occurrence of the following minor pathway 


cannot be excluded: 


S 


S 
ee eee ee R ——» RB, C=C=s [96] 
R 


For the particular case of bis(trifluoromethyl)thiirene 


where CF. group migration cannot take place, it appears 


Ghat S atoms and Cake are the photodecomposition 
products: 
Ls 
fAeC=—-@CChsa- wh). Ce tao (97) 
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For thiirene and trifluoromethylthiirene a second 


competing decomposition pathway leads to ethynylthiols: 


mn 
S Ss 
Ra= /=—\ eS Re ROEC-SH [98] 


The intervention of the zwitter ion in the rearrangement 


is plausible in view of the predictea??’*9 


basierty -OL 
thiirenes, aS manifested by the fact that only the 
asymmetrical 2,3-bis(trifluoromethyl) thiophene was 
(1 


cn Grebe ane ery system. 7> 


formed in the § >) 9H5 ar 6 


D 
Sar ReaceLons OF s (7p) atoms 


Unlike 0 (3p) atoms, Ss (7p) atoms are inert towards 
alkanes, as expected, since H atom abstraction by the 


latter is an endothermic reaction. 


i) Reactions with alkenes 


S 


S(~P) atom reactions with alkenes afford a single 


product, the corresponding thiirane, in nearly quantita— 


tive vieldse 
S 


—+ /\ (99) 


The unique feature of the s (3p) atom cycloaddition 


s (7p) + 


reaction with alkenes is its high stereospecificity, 


which has been demonstrated for the following 


84,86, 91 


alkenes: ets and trans-2-butene, cts and 
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Doe 


trans=1,2-ditluoroethylene, and eis and trans-1),2-di- 
chloroethylene. In each case the predominant geometrical 
1somenyoL the thiirane product as that which corresponds 


EOroner parent alkene. e. Ga, 


S S 
si peared Sa e/a Bie / [100] 


90% 103% 
S S 

S(>P) ae p ———_> i ON Ge BEAN (el @is] 
98% 2% 


This was the first known case of a triplet state reagent 
undergoing a stereospecific reaction with a substrate 


and in order to shed light on the mechanism involved, 


OAT EOS 


EHMO calculations were carried out on the 


reaction path of the s (Pp) + CoH, reaction and on the 


ground singlet and excited triplet and singlet states 


Of Ehiirane. ~Thevcalculations ‘predict that the lowest 


iivanG stra pile (T,) state of thiirane lies <40 kcal aol 


above the ground state, has a ring distorted equilibrium 
geometry, and features a rotational energy barrier of 

23 kcal mol +. this high value provides an adequate 
rationale for the observed high stereospecificity of 
the S (3p) + alkene reactions. aa Ehairane 2s thus tthe 
peimanryvadcduct in reaction 9(99) and has been @shown to 


be extremely resistant towards collisional deactivation.+°°® 
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Selected rate parameters determined by flash 
photolysis kinetic spectroscopy in the gas phase for 
s(>P) atom reactions with representative alkenes are 
given in Table I-3. The activation energies decrease 
as the number of alkyl substituents on the double bonded 
carbons increase, and decrease with halogen substitution, 
a clear manifestation of the electrophilic nature of 
s(>p) seme." These variations in E, can be correlated 
with molecular properties such as ionization potentials, 


26=59 


excitation energies and bond orders. As with the 


case of 0(3P) atoms, the reactions with highly substituted 


alkenes feature negative activation energies. 
ii) Reaction with alkynes 


Very little work has been done on the reactions 


3 93 


of S(~P) atoms with alkynes. With acetylene the 


products are unchanged quantities of benzene and thio- 


phene but a drastically reduced CS. yield as compared 


Ou che s(tp 


2 


+ C.H,~ reaction. 


2) 2H 
In the s(>p) + CH,C=CH and S(~P) + CP3-C=C-CF 


systems’? the nature and yields of the products were 


3 


the same as for the case of Sins atom reactions (vide 
Syord eee eonus fll appeals tnateunitke SinDee 35) atom 
reactions with alkanes and alkenes, the nature of the 


products with alkynes is not affected by the spin state 
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Gm cenesS atom: 


Onwehe basis Of spin conservation and the results 


of MO Sicuien fener (Figure TS \e es the primary 
product sof athe s (Pp) + CoH, reaction should be ground 
triplet state thioformylmethylene: 
S 

s(3p) + HC=cH ——» HC-CH oS [102] 
This 1s analogous to the o(7p) atom + alkyne GAGS OTL 

Absolute rate constants have been measured for a 
number of Ss (Pp) + alkyne reactions, some of which are 
listed in Table I-4. Unfortunately, Arrhenius parameters 


have only been measured for acetylene and methyl acetylene, 
where it is seen that the activation energies and A 
factors are considerably higher than for the s (Pp) + 
ethylene and propylene reactions. As in the s (3p) + 


alkene series, the rate constants increase with increas- 


ing alkyl Substitution. 
D. Reactions of Selenium Atoms 


Recently, Shaw et ie determined the absolute 


3 
5 Youle atom produc 


tion from atomic absorption measurements following the 


quantum yields of Se ery =o and 


photodissociation o£ COSe with “an jArr laser at 193 snm. 
The measured lifetimes of or and =. show that they 


rapidly, react with the parent molecule. = The quenching 
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rates of ae atoms by CO, and CO gases were also 
determined. 
the measired quantum yields for the formation, 


monitored at the indicated transition wavelengths, are 


as follows: 


¢(+s,) O28 gf MER ES rey Ost SM xs 10 SBS nl 
6(P,) SONOS MO 0Gss cine 6(PP,) Ei Ps AA) aaa 
and (°P5) = OOS n na 


Rate constants for the abstraction reactzons 


Se('S,) + COSe ——»Se,* + CO [103] 
Sa( Wy) + COSe ers he + CO [104] 
= 10) E 10 
are Ki 93 = (OO Oe) x LOn sand Ko =o Oe Onaoe 
x moles a respectively, in good agreement with earlier 
Ow, 


reported values. 


For the quenching reactions, 


Se ( Po) ap CO ——* se(°P,) + CO* [105] 
3 S 
Se ( Py? + CO ——~> Se( P.) aco [106] 
the tollowing rate constants were reported: Ki 05 = 
(EG 2 (nko) 6a NO RE OO BE Oa me See 
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1. Reactions of se(*,) atoms 


The gas phase photolysis of COSe has been founa?® 
to be a good source of se(*D,) atoms: 
Gose tehol (. = 230-270 nm) = Col + Se("D,) [107] 


Unfortunately, conventional photolysis of COSe in 
the presence of either alkanes or alkenes, leads to 
extensive polymerization and no lower molecular weight 
products could be detected. However, in experiments 
employing flash-photolysis kinetic absorption spectro- 
scopy in combination with mass spectrometric detection 
techniques, +° the photolysis of COSe in the presence 
of various alkenes led to the detection of transient 
intermediates which were identified as unstable 


episelenides: 
Se 
Se('D,) + RC=CR ——» RC——CR [108] 


Sigmiricanme ly jel: reappears tac S24 0p) atoms, unlike 


SiGe aeanc Oi =D) atoms, do not insert into the C-H 


2 
bonds of alkenes. 
The latter method was also used to monitor the 
: iL F 
reactions of Set D4) atoms with C3He, cyclo-C.He, 


Cau tso-C,H In each case, mass frag- 


PMO AE  hGa a#io: 
mentation patterns consistent with selenomercaptans 


were observed, indicating that se("D,) atoms insert 
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into the C-H bonds of alkanes: 


ah 


See) + RH ——~ RSeH [109] 


>) 
Tiewinsertvon reaction, as expected, 1s indiscriminate. 


Ze Reactions .Of Se (3p) atoms 


Absolute rate constants for the addition reactions 
of Se (>p) atoms to alkenes have been measured using 


Plash=pnotolysis Kinetic absorption spectroscopy and 


are usted in Table f-—3. In these studies, CcSe, was 
ee 3 
used as a source or Se( P)Vatoms: 
ae OO PO. ein eS [110] 


2 


The activation energies for cycloaddition are somewhat 
larger than for the case of S (2p) atoms but neverthe- 


less follow the same trend. 
Ee Reactions Of Tellurium Atoms 


The reactions of Te (>p) atoms, produced from the 


flash-photolysis of dimethyltelluride, 


ei Gi. ee (HR ai) eS ee ee Pas 


& 3 3 


per! with a limited number of alkenes. 


have been examined 
The unstable epitelluride products were detected by 


kinetic absorption spectroscopy and kinetic mass 
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Spectrometry. “The rate constants, listed in Table I-3, 
are the lowest in the series O, S, Se, Te and it would 
appear (that the reason for this 1S the very small A 


faccrcOornrs. 
F. Aim of the Present Investigation 


It was decided to examine three different aspects 


Of suliup atom chemistry. 
1. The thiirane-vinylthiol isomerization 


As noted above, s(1p atoms react with ethylene 


>) 


to yield thiirane and vinylthiol in approximately equal 

amounts under the following seniiiwlence = P (cos) = 

LO OieE Ome 2 Ss 200 tont, =] 240 nm, Yet wunder 
(C,H,) 


Similar conditions the reaction with propylene afforded 


6dx3e methyl ehairane, 5S imethyivinylthiol, and 16.73 


eiaeereie On the basis of these observations it was 


Swiseetea that vinyl thiol forms w7q a dual mechanism, 


Gurect. Insertion, 


Ceti OC CH ene at COO [2 


2? 2 2 2 
and unimolecular LsOomerlizatvon Of "hot" thiarane: 
S x 


7 ON 
SD et C— CH. ——— nt i or 


2 2 2 2 [113] 
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Chemically activated thiirane formed in step [113] has 
an energy content of 285 ‘kcal noice which should be 
sufficient to’ promote this’ isomerization. 

Subsequently, it was shown that the vinylthiol/ 
thiirane ratio from the Sas) + C,H, reaction decreases 
to 0. 4 and= 0.2" in? the=tiguid “and® solid phases, ’’ 
respectively. On the other hand, under the same condi- 
By Mee 


suggesting 


tions, the relative thiol yields from the s(1p 


reaction were only slightly suppressed, //11°8 


that in this case thiols are formed almost exclusively 
via the insertive route. 


It was, therefore, decided to carry out a more 


detailed investigation of the yy + Cee = reaction 


24 


in order to elucidate the mechanistic details of the 


novel= hypothetical thrirane-vyanyl” thiol Ls0omeri zation. 
2. Reactions of S atoms with allene 


At the time this project was initiated the only 


multifunctional alkene substrate investigated was 


S 


1,4-butadiene. Both s( ip and S(" PP)” atoms react with 


2) 
this molecule to yield vinylthiirane’< 


io 
De. © =—CH Ch = Ch pa COM Clee 


2 2 2 2 [115] 
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and no insertion products were observed when SD) 


atoms were the reactive species. 

It was, therefore, decided to examine the reactions 
of S atoms with cummulenes, beginning with the parent 
compound allene. Moreover, the expected major product, 
methylene thiirane, had not been synthesized and it was 
therefore of interest to characterize the properties and 


chemical reactivity of this novel compound. 
3. Reactions of S atoms with alkynes 


The exploratory work carried out many years ago on 
the S + alkyne systems’> showed that thiophenes, benzenes 
and CS. are Lormed an very small yields (~52 total), 
regardless of the spin state of the sulfur atom. The 
lifetimes of the initial adducts were shown to increase 
With increasing substitution, and this effect is 
bDabercularlky pronounced upon perrlucoroalky Wsubsticution. 
Mechanistic details however could not be deduced from 
the data and it was therefore decided to reinvestigate 
the reactions of Sle 35) atoms with alkynes in more 
detail. 3,3,3-Trifluoropropyne and perfluoro-2-butyne were 
initially chosen as substrates in the hope that higher 
Procuct = yrelds could be achieved. = in orden to shed 
ltghtvon the mechanistic detavls of the reaction and 


the nature of the intermediates involved, the effects 
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of total pressure, COS concentration, temperature and 
added gases would be studied. In the light of these 
results it was subsequently decided to reexamine some 


aspects of the S + C,H, reaction and to carry Out 


competetive experiments with C H»5 ana 7G Fe to assess 


2 4 


the relative reactivities of the transient intermediates. 


Gus 


s 
Ue 


- spe = ae 
| by 

seok tei: BO 
gue vies, ot haw, Ag 


gagnte OF 43,9 bas: oF 
asgki bangetat tpaserisr ne 


7 


CHAPTER ii 
EXPERIMENTAL 
1) The high vacuum system 


The static high vacuum apparatus employed (Figures 
Li-l and 2) ywasyconstructed of Pyrex glass andthe system 
was evacuated to ons torr pressure with the aid of a 
two stage mercury diffusion pump, backed by a Welch 
Duo-Seal Model 1405 oil rotary pump. Hoke teflon seated 
Valves (TY S440)0  clacs istopecocks, lubricated with high 
vacuum N and L grease, Delmar mercury float valves, ace 
teflon valves, and springham valves were used, depending 
on the operation. When ethylene and allene were the 
substrates the valves leading to the photolytic cell 
were made of teflon, while in the case of alkynes, 
Stainless steel high temperature Hoke valves (number 
421 306Y-316-SS) were employed. A McLeod gauge was used 
to measure pressures less than 0.5 torr and to check the 
Pirani gauges (Consolidated Electrodynamics Cat. No. GP-001), 
Which were used to monitor distillations and#gas transters. 

With the aid of a one stage mercury diffusion pump 
and a Toepler pump, non-condensable gases such as carbon 
monoxide were collected and measured in a calibrated gas 
burner. | Using a Mercury manometer (for pressures greater 
than 1 torr) or a Baratron gauge (for pressures less than 
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2) Photolysis assembly 


Photolyses were performed in cylindrical quartz icelis, 
(eed lame)el0s00x 5.05cm, connectedy through, ace terlon valves 
or Hoke valves to a conventional grease-free vacuum 
system. The light sources employed were a) a Hanovia 
medium pressure mercury arc equipped with a 6 mm Vycor 
TSlOSErlcer to Limit the effective radiation to. >= 220 nm. 
b) An Osram cadmium lamp (unfiltered) emitting resonance 
limes vate 2o0.c and 32651) nm. Cc) Ay Philips: zinc. )Jamp 
(83106 E) with an effective emission resonance line at 
213.9 nm. The output of the lamps was reproducible to 
ca 3% except for the zinc lamp whose intensity was 
extremely variable and thus could not be used for 
quantitative work. One of the quartz cells was placed 
inJan aluminum block furnace (2.5 cm thick) equipped 
with four 500 watt pencil heaters, powered and regulated 
by an API 2-Mode proportional electronic controller, 
for temperature studies. Temperatures, accurate to 
+0.5°C, were measured with an iron-constant thermocouple. 

For high pressure studies a cylindrical stainless steel 
cell (tx diameter) 7.25x 3.5 cmdirectly attached to a? high 
temperature Hoke valve was employed. The windows were 
constructed of 0.8 cm thick quartz and secured onto the 
Celilsbody, by screw actions Onsa Pain Of external steel 
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3) Analytical methods 


a) Gas chromatography was used for qualitative 
LdenelEuecation and analysis, and for checking the purity 
of materials. Components of the system consisted of the 
sample loop, column, sample trapping system (locations 
are shown on Figure II-2), microthermistor cell fitted 
with Gow-Mac 13-502 thermistors and placed in a constant 
temperature bath kept at 26°C for the ethylene and allene 
systems, and 30°C for the alkynes. The bridge current 
was monitored at 8.0 mA. Helium was used as the carrier 
Gasmatcrva Llow rate of 25.10 cm? rae The helium 
(Matheson) was dried by passage through a 100 x 2 cm 
column Of molecular Sieve and checked on a@ 930 x 2 cm 
drierite column. An Edwards needle valve was employed 
to control the flow rate, which was measured on an 
Octoil-s manometer calibrated by a bubble flow meter. 
All parts of the chromatographic assembly through which 
products passed were constructed of glass or Teflon, 
except for the detector block itself, in order to minimize 
decompostervon of unstable sulfur products. 

The sample unit consisted of a U shaped sample loop 
into whieh tthe products were frozen tat —196°C. elhe 
hetium £low through) the by-pass and ther sample woop was 
control led by three Ace tenlon valves) Other anlets 


to the sampler unit were sealed by raising the mercury 
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level fully to eliminate all dead space. The products 
were allowed to thaw and, by closing the by-pass and 
opening the through flow valves, were swept onto the g.c. 
column. Product elution times, column packings, lengths, 
and operating conditions are given in Tables II-1 

and i= 2.. Adequate resolution was obtained in all 
cases. 

The detector (molar) response was calibrated for 
each compound either using the calibrated gas buret for 
gaseous materials or by injecting known quantities of 
liquids with a micro-syringe. Linear responses were 
observed for 0.1 = 10.0 umole sample amounts, within the 
range of experimental product yields. Chromatographic 
peak areas were measured with an Ott planimeter. The 
overall reproducibility was cq 52. 

Product samples were collected downstream from 
the g.c. ereluent for spectroscopic identification. The 
sample holders were made of quartz in order to reduce 


surface decomposition. 


b) Mass spectra were obtained on an AEI MS-12 
instrument with the ion source operating at 70 eV and 
the ionization chamber kept at ca 50°C. Samples were 
analyzed Gitmer sNndlVviduelhly v7dqeda | PEObey Onna, G.c. 
column adapted to the MS-12 chromatograph, Varian 


Aerograph series 1400. The resulting data were interpreted 
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using a computer model Data General Nova 3, employing a 


DS—50 "programme. 


c) U.V. Spectra were recorded on a Unicam 1800 
Spectrometer employing a 0.0 x 456) cin quartz cell “equipped 


with Cold sianger. 


d) Infrared spectra were obtained in the gas phase 
On erener a Perkin Hlmer Infracord anstrument® in a 7/25 cm 
micro gas cell or a Nicolet 7199 FTIR instrument employ- 
tnigvaLO.0ex si. o cme cylindricalsquartz cell to eliminate 
all metal surfaces. The windows of this cell were made 
of Kodak ZnS polycrystals and OP ra os to. the 
quartz cylinder with epoxy glue. In each case the 
spectrum of the empty cell was recorded and the final 
product spectrum was corrected for interference fringes 


and other extraneous contributions. 


e) Three N.M.R. Spectrometers were employed for 
structural determinations; Bruker WP-60, Bruker 200 and 
400 MHz instruments, equipped with proton (tH) or 
fluorine am probes. Gas samples were condensed into 
medium walled NMR sample tubes containing degassed, 
solidified CC13D as solvent and as an internal standard. 
in’ caseron mel NMR, trifluoroacetic acid was employed 


as an external standard. All NMR samples were purified 


by repeated passes through the g.c. system. NMR samples 
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were Tune eLtner “at "room temperature (24°C) Yor —30°C 


depending on the stability of the material. 


4. Operational procedures 


Ene the preparation Of reaction mixtures, components 
partial pressures were determined either by the mercury 
manometer or the Baratron pressure gauge and the mixtures 
transferred to storage bulbs located close to each cell. 
When required, the mixture was distilled into the cell 
through a vertical U trap at the lowest temperature 
possible dictated by the vapour pressures of the sub- 
strates. This procedure ensured a mercury free environ- 
ment, thus preventing the occurrence of photosensitization 
reactions Or the tormation of Solid HgS. ~The purified 
mixture was equilibrated at a predetermined temperature 
for at least one hour before irradiation. The medium 
pressure mercury arc was equilibrated one hour before 
irradition and the cadmium and zinc resonance lamps, 
for 30 minutes. 

For each series of experiments actinometry was 
performed frequently to check the stability of the 
radiation source and the transmittance of the cell. 

Actinometric measurements were done using 50-150 


7) 
COrreCOS;, Lor Which ® (co) = 1.9 at A = 240 nm. 
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After photolysis carbon monoxide was quantitatively 
collected and measured in a gas buret with the aid of a 
Toepler pump backed up by a one stage mercury diffusion 
pump. To ensure complete CO recovery the reactants and 
products were warmed and frozen several times to free 
any “COvrrapped an solid matrix. Substrates and products 
WEEGewCENeM Separated bytlLap tOetLap Gistrmllations at 
I-3 torr pressure. In the presence of ethylene product 
separation was achieved by passing the photolyzed 
mixture through three traps at -196°C and a solid Ny 
G20l%C@)) then, through three traps at —139°C (chloero= 
ethane). A Similar technique was employed for the allene 
and alkyne’ systems except for the last three traps which 
were kept at -132°C (n-pentane) for allene and -98°C 
(methanol) for jthe alkynes. Repeated checks for carry- 
over were performed by redistilling the reaction mixtures. 
The separated products then were transferred quantita- 
GivVelyeto, the g.c. sample Icoep fom analysus- 

After each experiment, air was allowed into the 
cell and subsequent heating to ea 500°C with an oxygen 
flame oxidized and volatilized any sulfur or polymer 


which deposited on the cell walls. 
San Material swand purrrication (Table 2-5) 


a) Helium (Canadian Liquid Air, Linde) was passed 
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b) Ethylene (Matheson research grade) was degassed 
ate —1 86°C andvdrstilled through two steps at =—160°C 


(tsopentane). 


e) Carbonyl suitide (Matheson) was purified to 
remove H5s and CO. by passage through four washing 
bottles containing concentrated sodium hydroxide and 
saturated lead acetate solutions in an alternating 
fashion, —CcOLlLected in a cold trap at —196°C;) distilled 
ite vacuo tae —132°C “and degassed at -l16l°C. ~G.c. analysis 
of the purified sample confirmed the absence of any 


foreign material. 


d) Carbondioxide (Airco >99.9% pure) was used as 


such. 


e) Allene (Matheson, teaching grade, 99%) was 
degassed at -186°C and distilled at -132°C. The purified 


sample contained less than 0.5% propylene as impurity. 


f) Acetylene (Matheson, purity ca 99%) was degassed 


ee CalsHs a © 


Gg) 33 ,7s-Tritinuoropropyne (Columbia, Organic Chemicals, 
Dim byo9 20%) was dlstil led repeatedly iat >? Ceand tne 
Purity checked on a 6 £t g.-c. porapak N column, and by 


G.C.=MS. 
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bh) Seerclucro-2-butyne (Columbia Organic Chemicals 
COt, 2920s spUraAty) was) distilled at —98°C several eimes. 
The remaining impurities, as analyzed by g.c. were less 


tiene. 


i) Perfluorotetramethylthiophene (PFTMT) was 
109 


prepared according to Krespan form Calibration puaposes:. 


Sulfur (6.4 g), hexafluoro-2-butyne (30 g) and 
iodine (12.7 g) were heated in a sealed vessel at 200°C 
fon 6-10 hoursvand the Liquid product consisted of Some 
unreacted iodine 3,4-(bistrifluoromethyl)-1,2-dithietene 
and PFTMT. The iodine was removed by shaking with 
mercury and decanting the liquid. The dithietene b.p. 
OS JA CawasedrsctilLled Out Of Ehe mixture. and, they frac— 
Bion comlectedrat, 134°C> was, 99742 PEIMT.) «this» traction 
was reheated to about 50°C and then allowed to cool to 
—-20°Cvand Kept there for 24 hours. The supernatant 
liguid was then decanted and the large transparent 
crystals were heated again completely melted. The 
cooling was then repeated and the resulting crystals, 
when melted at room temperature, became a clear liquid. 
Gucemanakystsuot (0.1! Obs thusmligquid d1dinote reveal 
any trace impurities and hence this sample was used 


toucalibrate, the ¢g.c. fOr quantitative work. 
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CHAPTERS ht 


THE UNIMOLECULAR ISOMERIZATION OF CHEMICALLY ACTIVATED 


AMANO ICIRVANINIE, GEO) WALINSEIG, “MSLIONIL 
iM Results 


A detailed kinetic-mechanistic study of the S( D.) 
ethylene reaction was performed under static conditions. 
The effects of exposure time, relative concentrations 
and total pressures on the products distribution were 
examined in order to determine whether vinyl thiol (VT) 
can be formed via two independent reaction paths, direct 
insertion of a) atoms into the C-H bond, and 


Structural tsemerization Of chemically activated 


chairane. Crh). 
Doe React ilonmproducts and) their properties 


Photolysis (X ~ 240 nm) of COS-ethylene mixtures 
Vedmetomene Lorna tlon.of-cO, Vijeath, and; ac Jonger 
exposure times, elemental sulfur and a solid organosulfur 
polymer. 

In the initial stages of this work it was observed 
that the yields of Th and VI were not very reproducible 
and were quite sensitive to exposure time. For this 
reason it was decided to investigate the thermal 
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wellmas therm spectral characteristics. 
1)) Properties of thiirane 


The UV spectrum was obtained as shown in Figure III-1l 


fon, low =and “high” concentrations of thiirane in the 


gas phase. The high pressure extinction coefficients 
for the two maxima at \ = 259.2 and 243 nm are 1.2. x 107° 
torr + en and 1..607-x Mone “ores” em; respectively 


and are in excellent agreement with the values reported 
by Davistt® iT ws9'5 17; 

For the “low" concentration Th spectrum ‘the 
extinetion coefficient for the oes intense maximum at 
je-ee2ls nm calculated to be Zak x Tone torr ~ ea 
The vapor phase infra red spectrum of Th and some 
thermodynamic properties are described in reference lll. 

At room temperature and in the gas phase Th is very 
stable and undergoes thermal decomposition only above 


none Coren el 


In contact with fresh pyrex surfaces, 
however, it undergoes slow polymerization even at room 
PeMperaciine. Hence, the entire vacuum system was 


EELeatede with gaseous Th (torr) for 48 hours, abter 


which good reproducibility was achieved. 
ii) Properties Or vanylthiol 


Prior to the discovery that VT is a major product 
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it was believed that 


Of the <S( D>) + CH, reaction 
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VT, like vinyl alcohol, was non-existent. Subsequently, 
VT and a number of substituted vinyl thiols were 
synthesized by the photochemically induced chain 
addition of HS to the corresponding Heel apie, oe oe 
Although VT is a moderately reactive molecule it is 
SUELLerently Stable, -under controlled conditions, to 
allowespectral Characterizations: 

In the present study it was observed that VT 
meadily reacts with metal surfaces. Thus a 3.0 mm 22d 
x 10 cm long glass column packed with clean copper 
filings and placed between the sample loop and the 
chromatographic column, quantitatively removed VT from 


avsample@containing VT, Th and CS Stainless steel 


3° 
was less reactive and could be significantly deactivated 
by repeated passes of VT over the surface. In neither 
case could any volatile products be observed, which 
suggests that polymeric products are formed. 
THeSLeactkivityvOLsVIVOn Gdiartz and = Pyrex = surbaces 
was also investigated. Experimentally significant 
amounts of VT were lost from a sample exposed to clean 
Pyrex surfaces for less than one=hour. The rate or 
loss decreased if the surface was cooled to liquid 


Hiltrogen temperature. ““Curing” Of=the “surfaces greatly 


reduced the surface activity. 
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Quartz surfaces, freshly flamed in the presence of 
ain, Caused only slight losses in the VP samples. 
“Cured” of unfilamed quartz exhibited negligible activity. 
The U.V. spectrum obtained in the gas phase is 
Shown win Fagurce I1li-2. “Vi begins to absorb, at 300) nm 
and the absorption intensity gradually increases to a 
Maximum at. 28 enim, wien « = O55 ose ae, then 


again decreases gradually. 


2. The effects of exposure time and pressure on the 


product yields 


The extinction coefficients and optical densities 
BOGeVuNGO O20 COrr)) a bhr.( O08 torm and s.COS. (412.0 
TOLLE) ware Summarized in Table I11-l fom») = 253.7, 
228.0 ana.2l3..9 nm. LE is seen that “absorption by VT 
and Th can effectively compete with that by COS and 
thus secondary photolysis can be expected. 

Preliminary experiments indeed showed that the 
Latios of the two principal products, VT and Th, were 
exposure time-dependent and moreover, the absolute 
Fates Of formation of both VI and Th tended to decrease 
with increasing exposure time, the former more rapidly 
thanthe Latter. Therefore, an sorder to obtain kinetically 
useful results which correctly reflect the primary 


Droduce ylelds,. a Series, Of exposure Time ssLucies were 
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performed at various COS/C5H, ratios and total pressures. 


ihe sesults, wsing 2) = 254 nm radvatvon, and 
COS/C.4H, = 0.2 mixtures, are summarized in Tables III-2 
to [ii-5 and those for COS/C.Hy = 0.7 mixtures, in 
Wables I1i-6 to iiit-14. Some representative plots of 
VT/Th versus exposure time are illustrated in Figure 
Tli-=3%) in all cases curvature was obtained to varying 
GxCeiebuL each plot Could abe wtittedaby the standard 
least square method to a second degree polynomial. 

The calculated polynomials are listed in Appendix A. 
The zero time extrapolated values of VT/Th obtained 
from these calculations are (eeseeeh ne Tables iit— 5. 

In some experiments the CO yields were also 
measured in addition to those of VT and Th, and these 
data are listed in Tables IiI-8, -10, and -l12. From 
these results it can be seen that at low conversions 
the scavenging of sulfur atoms by COS and C5Hy is 
complete and the combined yiela of VT, Th and CO 1s 
100% within experimental error. 

Erom the results summarized in Table 11i-15, 2t 


Psriseen that the (VI/Th)~ ratio for COS/C.H — Ole mats 


0 4 
considerably higher than ior COS/C,H, = 0.0) rae 


comparable pressures. The (VT/TH) 9 Fatlos Lor both 


COS/C.H mixture ratios decrease as the total pressure 
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increases. 
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TABLE Ll hb-Z 


TEmemaecpendence Of the product yields at 253 torn total 


pressure and COS/C5H, =O alas 
VT Th 
Time, VT/Th 
main. arbitrary Units 
5 85.3 ai Tee veer etoile 
10 146 126 elie 0.005 
20 264 266 0.99 
30 nS 376 0.84 
60 375 720 0.52 


a S254 on. 


Paverage of three determinations. 


C : 
Average of two determinations. 
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TABLE st Dis 


Time dependence- or ithe product ywelde at 8525torrrytotral 


pressure and COS/C. 


Time, 


45 


60 


om Wave's Satna 


Hy = O02 
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VT Lalo 


arbitrary units 


59 44.5 
142 106 
294 ao 
bOL 447 
Bye is) D3 
870 900 
9:05 1280 

1047 1680 
1100 2055 


>average of two determinations. 
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TABLE -DLI=4 


Time sdependence of gehe product vields at  bl96 torr stotal 


pressure and COS/C5H, =o Oe 
VT A 
Time, Vey 
Tin. anOieE als SUN tS 
5 220 176 ihe IES) 
10 Eke) // syed 0 
20 606 669 Oo 
30 USS 1000 O:. Ja 
40 905 13:20 OGY 
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Time dependence’ of the product yrelds at. 1680 torr oral 


pressure and COS/C.H, Sa EO 
Va iia 
Time, Vin 
man arbitrary anaes 
5 347 Si are ee 
an) 693 WZS 0.95 
20 TAs 0:0 1320 OSs 
30 1440 1940 On74 
40 ESL0 25510 OR59 
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Time dependence of the product yields at 1200 torr total 


pressure and COS/C.4H, = Ohne 
VT Th 
Time, Vi ar 
ie eiey a apbierany ants 
220 sao ee 104 on uo 
350 0.30 0.29 Oe Oe 
Al) 0.39 Oy 1.04520) 04 
6.0 0.63 0.60 1.05 
[LO 0.60 0.61 0.97 
8.0 Op We 0.74 0.99 
10320 0.79 0.83 0.93 
ie 0.88 0.91 Ose 
1220 0.91 Ont 0.89 
16.0 0.91 AS Pan OS 
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TABLES LIL=7/ 


Time aependence Of the product yields at i162 torr total 


pressure and COS/C5Hy =k 7 
WA fla 
Time, Vi oh 
min. avbitcrar ys anaes 
5 4 144 eee 
Jad) 263 258 OY 
20 432 A71 0292 
30 SPAS 648 Oesterll 
60 615 O25 02 6:0 


A = 254 nm. 
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TABLE LEL=9 


hime dependencesor ithe product syields at 336 torr total 


pressure and COS/C 5H, =I 
Wak uly 
Time, 
min. anbitrary units 
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TABLE it i=ac5 


Time dependence of the product yields at 600 torr total 


pressures and COS/C.H, =e ise 
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ina. arDMerary sunaes 
2 eZ 181 1-00 
16) Se) Sou 0.93 
20 588 696 On3:5 
30 day 963 O75 
40 939 1390 O70 
a 


HsrE 


—_—— 
_ a — ane 


-_ 


SIRs 


OO 


suTy x a 
PULM (SST Ou e0 2. = oa = (On 0 = AISA008y Jonpoerd 
diy tr 0 10S e 
"wu PS? = ts 
9 98 ye ae) hee <S 86 € VELL) OFS 
S06 ee) OG 7 OS" OS 71 Oe 
0°76 1380 TOs Glee OV Gr OeeOst 
eG CBF 0 So cs OOmc Oh ae 6 
9°S6 ESO OG. © oo: ¢ Bo 0°8 
causa c6°0 CoC GON? eH ies 
oO LE S620 oh SOM a 905s Os: 
Ou. Eaa0 veo Gent UBmee Ore 
© 66 Lo a0 93900 78°0 CURE Osc 
% ‘ATIAODOY SojOml “plTet, “UU 
UL/LA i a 
ye oe GL LA OO ‘Out 1 


ee VMK 35 /S00 pue oianssseiad [Te}OW 1109 999 Ae STSATOJOYd ey} Fo sptetA jAONporzg 


C= i a avi 


TABLE. Tila is 


Time dependence of the product yields at 880 torr total 


pressure and COS/C Hy Saas 
Time, Ve stale 
VT/Th 
Etc Yield, wumoles 
2.0 Le 130 0.88°+0.02 
4.0 rae) T2053 0.92P+9.01 
6.0 3.15 Saya 0.85 
8.0 3.83 4.82 0.80 
280 4.91 en ai Oey 7 
14.5 5.10 foe 0.70 
2040 5.79 9.04 0.64 


y= 254 nm. 
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TABLE Db i= 4 


Tames cependenece Of the produce yields at 1272  torm total 


pressure and COS/C.Hy Oe 
Time, Vit Wie) 
Vvr7 Th 
Mtl avbitnary units 
5 339 420 Oe. 
10 UZ 906 0538.0 
20 1190 1600 O57 4 
30 1645 2290 O72 
40 sey) 2905 O05 


N= 254 nm. 
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The dependence of VT/Th on exposure time 


iene COS/C4H, = 0.2 at total pressures of 
X : 253 torr; ©: 852 torr; [_]: 1680 torr; 
and “for COS/C.H, = 0.7, at total pressures 


of @: 336 torr; |g: 660 torr; A: 1272 
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TABLE IiI=-15 
Variation in the zero exposure time extrapolated value 


Of VI7Th as a function of total pressure and COS/C.H 


4 
ratio.® 
Pressure, COS/C.H, (VE eG 
EOEY 
PAS yS) 0220 a6 
Bo2 0220 L1G 
E96 0.20 SZ 
1680 O52 0 IEP date: 
100 Oy, 1.14 
162 Oe eek 
220 On7 1.04 
336 ORT 0S 
440 On. iveO2 
600 On, 0G 
660 O77 Me 27) 
880 Ou, 0.94 
VAT On 0.84 
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A few experiments were performed employing shorter 
wavelength radiation. The results using the cadmium 
Resonance “lamp "Gy =)229 nm) are lasted in Table 111-16, 
and those using the zinc lamp (A = 214 nm), in Tables 
eee Onn aii 2.0): 

The experiments at A’ 214 and 229 nm were not very 
reproducible and the zero time extrapolation became 
quite troublesome. This was particularly difficult for 
low COS concentrations, where smaller quantities of VT 
were produced and thus surface effects were more 
pronounced. Nevertheless, the results show that the 


values of (VI/TH),_o Erom-elener Ehe 229 or 2i4enm 


photolyses are higher than those in the 254 nm photolysis. 


BueDrscussion 


The (= 254 nm photolytic decomposition Of ‘COS 


proceeds via two pathways: spin allowed dissociation 


Ee. eCOrand ae 


D,) atoms in 67% yield, 
COow ny .————— CC Oe 51) 

anda Span torbadden process 

5 


cos + hv ——~ CO + S("P) 


Lovrgive CO and s (7p) atoms in 332 0y1eld: 


[1b] 
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TACLE LEt=i6 
Time dependence of the product yields at $43 torr total 


pressure and COS/C5H, 02a 


Time, Vi. a 
Vilar 
ma 1. ar bDierary unacs 
Suess 243 158 1255 
S Boe 369 dbs Sys 
10 940 650 ia S 
20 1480 1140 3:0 
3.0 LESS 1365 Le 
60 2280 2635 O87 


VA Ee belay, 


mame dependence Of ithe product yields at 100 torr total 


pressure and COS/C5H, =Ono7 
Time, VT Th 
| : VT/Th 
TT. Yield, umoles 
2 0.45 0.40 1.09P+0 
3 0.61 0.56 Tamers) 
4 0.70 0.68 TeOceenO. 
5 0.85 cca 05 
6 0.88 Oa On eor 
8 0.92 OmEcIe! 0.99 
10 0? deo 0.93 
12 1203 es 0.82%+0 
15 0.95 eel 0.79 
) = 214 nm. 


b 
Average of four measurements. 
Cc 
Average of three measurements. 


d 
Average of two measurements. 


205 


03 


OL 


50 


Oa 


© ae 
<u BLS mK 
sa-amevuatan 2wOl Yo eRBIeVA: 


see 


—-* 
eer) 


,winogenicges sezn2 to epszavA 


a oe : 


05. 


TABLE III-18 
Time dependence of the product yields at 200 torr total 


pressure and COS/C,H, = (016 oul ae 


Time, WAI Th 
Vr 
man. Yield, umoles 
Dis Or. Sl: 0.69 Dee], 
6 36 ie oie Os 
8 i. 56 leeeo 0.99 
10 I 66 Pe e4 O29 1 
12 beers) 20S 0.88 
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TABLE. Pi L-1o 
Time dependence of the product yields at 400 torr total 


pressure and COS/C,H, = Ox Gas 


Time, Vit ia 
Vio 
mim. Yield, umoles 
i.) Oe gZ O69 IEG Als; 
2 17206 0. 87 eeeeal 
Ph) L220 ia 02Z ih ses 
Shae) Ta crsyll Niece des 
5 IRs) We 2 10 
if we HS 2.22 0G 
se) 2.44 DE SehD LESOG 
0 204 2350 JES OEE 
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TABLES Lia 20 


Time dependence of the product yields at 800 torr total 


pressure and COS/C5H, SOOT 
Time, VE Aug 
VIyTh 
main. Yield, umoles 
4 JE S)G) Ieee: a The 
5 2.14 Assy phalts) 
6 LEO 221.8 108 
8 ela bos) 2296 sO), 
Hea ical So BASS) L206 
14 Bi A 3370 ie Steak 


a5 
‘Sel Do) acoms May abstract a Sulfur atom from COs, 


ii 


Cos = .S D.) —.> CO + S5 [2a] 
or be quenched to the triplet state: 

cos + s(p,) ——*» cos* + s(°p) [2b] 
In competi Elon with reactions [2al and (2b), the singlet 
SULFUreaLOM May Insert. directly into. thes vinylic G-H 
bonds of CoH, LOuyLeld Vie 

ib 

CoH, + S(~D,) ——» CH,CHSH [3a] 
OrecOdGneO che double bondgto yield a vibrationally 
excited singlet ground state thiirane molecule, having 
an excess vibrational energy content of 91.2 kcal wo 

S) 
k 
Shy) BC) [3b] 


THs energy COnresponas to the enthalpy Change of the 
Feaction, (85.2 Kcal mole plus the excess translational 


6nergy of the s(tp atom (6 keal nol produced in 


>) 
the mercury lamp photolysis. The hot thiirane molecule 


then may Undergo unimolecular rearrangement, tO Vi, 


Bi . CH, CHSH [4] 


or suffer collisional deactivation to the thermalized 


LOB. 
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ground state, 


S) 


S 
aN eee aN + M* [5] 


where M stands for the quenching gases COS and CoH): 
The only other reaction of consequence in this 
system is the etereospecitie = 2 evycoleaddition .eaction 


involving s(>p) atoms to form triplet state thiirane, 


S 
CoH, + a ea oN (T,) [6] 


which is slowly deactivated to the ground singlet 
Say 

If the chemically activated thiirane molecule truly 
undergoes isomerization in this system, as postulated 


S491, LZ 


from earlier experimental and theoretical 


studies 047105, 116 


then. the product yieldvyraurto Vij tn 
should be dependent on total pressure for a given ratio 
of reactant concentrations. The values of (7a) 
(Tables  Dii=15, —21 and, Pigqure Ifi—3)) for theyewo 
COS/C.Hy ratios examined, 0.2 and 0.7, are plotted as 

a Eunction of total pressure in Figure ITi-4 where it 


is seen that (VT/Th) is indeed pressure dependent 


t=0 
and gradually decreases with tnereasing pressure. The 
COS/C5H, ratio also affects the magnitude of (VT/Th) ,_ 9: 


theshnighern the ratio, the higher stnesvaluc or (VT/TH) ,_¢ 
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at a given total pressure. It will now be shown that 

the pressure dependence of (VT/Th) can be used to 

CalCulatesthe rate constant for the Th > VT rearrangement. 
Steady-state treatment of steps [1] - [6] (derived 


in Appendix A) gives the following expression for VT/Th; 


Ror _ Se ey es al i 

ae i [COS] [COS] 

Phen 2 4 2 “Aycan | OC lcenm ae os 

254 24 
a el 3 2ei. 3. 

a ee oe oe na eo oa: 
and [M] = [COS] + [C,H,]- 

At [M] = 0 equation [I] reduces to 

k 

Rup z 3 

eee eee lemme (coslm a 

Rrh.| p=0 /2°3 cay, 
and, Lor {M] = =, to 

ie 

Ry 5 3a 

aa, 7) IGE: ee 

Th)| p=< [C,H,] 

In addition to equations I=111, the following 
relationship should also hold: 

[Iv] 


VIXtrom rearrangement) + vVT(from insertion) 24 Be 
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Since at zero pressure all the hot Th molecules 
undergo 1SOMerization to VT. 
Simi lawly je at Intimate pressure. 


Vi(from insertion) eee 
VT(from rearrangement) + Th {Th 


Since under thussconditionnallothe, hot uh molecules 
ate Stabid ized touihh, 

The experimental values of equations [TV] and [V] 
atoye [COS] /[C.H,] = 0.20) are 62 and) 0.48), .ancd 2or 
[COS] /[C,Hy] = 07/0, 1.10. and 0.38. respectively. “ihe 
last Value WS*in egqreement with VI/Th = 0.744 obtained 
inea Jjquid phase mixture of ethylene and carbonyl] 
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sulfide at room temperature. 


The rate constant k e has been estimated by Donovan 


7 
et ee as having a minimum value of 4.0 x here Q 
Wo eo Accepting this value and recalling that the 


primary step [lb] produces s(>p) atoms in S32 7 Leld, 
Zt 2S possible to, evaluate the rate constant values 


k k k, from the present data. 


OR Awe San a 4 

With the aid of the equations below and the data 
from Table Ifl-l2 at a5 possible to calculate the 
Eeace Lomo. SDS) atoms consumed in reactions [2a] and 


[2b wand: chat, consumed 1n reactzons [3a] and [Sb] 
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RatesOf Sitar satom abstractions by S505) x 100 


Rate of total sulfur atoms formed 


ee = 17%, step 2a [VI] 


From Figure III-5 the zero pressure extrapolated 


Value Orwvr/ Thetor COS/C.4H Oa Sie le lO ere: Coe, 


A. 
VT Step \|oelet step: [3b] op chepal 
A p=0 step [6] 0 
ki + = 2 
Taking PSR so TEN sig 220, Chest ractioneo: 
S("D,) atoms reacting, excluding abstraction, will be 
given by 
(Va ee LEAN 8) 
fete 25s p= Us cee ee [VII] 
eo =o 20 


To obtain the percentage of S718), atoms used up 


inestepmlsl, equation. [Vii] 2s multiplied by the factor 


(INF sect flied SF) soem 


0 
R 
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Thus; etrom= tne daca’ in Tableriri—l2, 


[VT] -9 * 100 
Step [3] = —__+——_— = 


Roo/2 [VIII] 


ie 0 3(0.84+058'6) ol 7 2 x00 
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Now since 


step [2b] Stepeila)l = (step, (2a) 4+ step [3)) [IX] 
= 67 — (17 + 43) = 73 
the relative rate constants are 


Ky o/ Koy ST] = 2 Aan 


ky /k, (17/43) ([C,H,]/[COS]) =) 04. AS 


Oe 


assuming a gas collision frequency for the deactivation 


OPtnot thiinare step 5iyand the Lollowing collisional 


diameters, o(COS) = 4.13 A, o(C.H,) = 4.23 A, and 
° -_ -_ 
SatOREDIS) Salen hike 027. sheer 0, hier, Amole ars ee 


The above relative rate constant ratios and the 


calculated value of k~ were used for iteration and curve 


5 

MiLLanGge £rom equations. (i) —-1V), from witch the fod lowing 
absolute rate constants were derived by icra o 
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The solid curves shown in Figure III-4 were calculated 
by equation [I] and are in good agreement with experi- 
mental results. it should be noted that 1 ‘step. [1b] 

is excluded from the mechanism, steady state treatment 


yield at the intercept when [M] = 0, 
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and for different COS/C4H, ratios predicts at zero 


pressure that 


(Vi ih) cE) [COS] /[C5Hy] ( 2) 


espn Pas ee OF EG ras S28 tee 
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where (1) and (2) refer to the two different COS/C.H, 
ratios. Inspection of Figure III-4 shows that this, 
far from being the case and therefore the above kinetic 
arguments provide the most compelling evidence to date 
£Or the occurrence of step [1b]. 

In Order to check the validity of the kinetically 


derived value of Kar the rate of unimolecular isomerization 


of chemically activated thiirane was calculated from RRKM 


theory by 1. Sararik in the f£ol lowing Teonerees The 
expression employed was 
r EP(E’) [XI] 
= * a —_———— XI 
ee) he (Ee) 


where EP(E’) and N(E*) represent the sum of states and 
the density of states, respectively, \ is the degeneracy 
of the reaction path and h is the Planck's constant. 

The sum of states and the density of states have been 
computed by direct count, with the aid of an algorithm 


TE) 
developed by Rabinovitch. 
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The energy <E*> of the chemically activated thiirane 


molecule can be obtained from the equation 


<B*> = AH®2(C.H,)+AH2(Ss(2 


p “oly DD.) ) AH (C5H,S) +AE, [XII] 


2 relat 


where AEYy is the translational energy of s(*D») atoms, 
ube AT ulite Wye ah 


On substitution of the values AHe (CoH, ) = 12.5 

: -l rete 1} eee -] | 7 
keal mol ; AHe (S ( D5)) = 92.0 kcal mol ~, AWE (CoHAS) - 
19.3 kcal mol and AE, = 6.0 kcal mol7*. <B%*> = 91,2 


keal mol *. 


For the RRKM calculation it is necessary to adopt 
a set of vibrational frequencies for the activated 
complex in order to calculate the sum of states. It 
was assumed that the intramolecular hydrogen shift 
proceeds through a bicyclic structure which is depicted 
a e aoe eer ee Oy eS: 
in FPigure III-5. The vibrational frequencies 
assigned to the stable thiirane and the activated 
complex are listed in Table III-21. 

The experimental A factor is not available and 
the set of vibrational frequencies assigned to the 
activated complex corresponds to an estimated A factor 

14 -1 “ae eee 

of 1 x 10 gs “, or an activation entropy of AS = 
3.5 e.u. The low value of the adapted A factor reflects 
the rigid structure of the activated complex. 


From preliminary investigations on the thermal 


rearrangement of thiirane to vinyl thiol it has been 


easieirs. bedevtstba wht 


norte pe 
(tzu) 0, ge eo gaat Cee 


awed, (ad 1% to yexoda oe 
67 = [,uDLeRO Shale ee 


= (ByNed) Shs I in hed 7.90 = ee nee: 
o. je. a <eee few (ask°0 64 = ag ws ih eS 
fom £ 

aebe ica Yteazerdn) ate noithtenles MARE qe vies 
bogavs Jur 9 su ne Ranipees ts teatitewisy 3a’: 


T eysegy fo cyh ont e2gloula.a Tes? ab satan 
“cious tonatast att tate bamueee 


S2se raponne 
ogo ef dobty eueriesse >oicyald « dewosds #4 
i 7 
so cat qadehe®. Leno souEdd wt? .8-1it atupt 
} yaa soerstas elidate ef oO? ben. ae. 


pe ISvigds, Bi 


_ft-<0% oitet al Soseet ere xeolgmos 


~ 


sigeliove Jom ac Sacumt & Lsgneni tagee oft 


Pit’ 


ai) .0: haipsewe-¢olonnepes ti éany teativ to 2ea_eds 
soznet A Sedemisee ae co shit qgeettes agree bosavisos 
To Yqetses aslijevt 738 as BS 4 “~ — 


Ra 
- Bo 


esol tet croton) Sebegacth a7 To soley voi Ce 
etnies Bevavisce Se ec soe 

leursedt! S02) WH Be_Li5? steeavnt | enuems Le + at 
ied aan +t Shogts tyaay oF sngriide 2a nes 


Figure Lli-5. Assumed Structure of the activated complex. 
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Vibrational frequencies of the thiirane molecule and the 


activated complex. +7? 
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estimateat+ that the activation energy for this step 


lies in the range 55-65 kcal molt, 


AcCcording tO @b znitio MO caleutations "72 
engtLhe wingudistortion potential of -ehiirvane, the 62 
kcal mola value for E, can bring about an increase in 
the (€-C-—S bond angle from 65°, the equilibrium value, 
to about 120° in the activated complex. This geometry 
would greatly enhance the unimolecular hydrogen shift. 
The computed RRKM rate constant has a value of 


Da Onx oa Ge: in reasonably good agreement with the 


kinetically derived value of 5.0ux ge ee 

The lifetime of the hot thiirane molecule is 
rather essnore,. Of the order ofisl.3 x 10 11 s, however, 
deactivation with COS or CoH, is very efficient and 
could occur with collision frequency. 

Detailed studies of s(D,) atom reactions with 
higher alkene homologs” ° have shown that no isomeriza- 
tion takes place, with the possible exception of the 
propylene reaction. In the higher substituted alkene 
reactions, the absence of alkene-2-thiols is explained 
by steric effects which would hinder insertion into 
the C-H bond, and the non-occurrence of the Th-VT 
rearrangement process. The reason for the absence of 


isomerization in the higher alkenes is due to the 


increased number of internal degrees of freedom in the 
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substrate: thus, the vibrationally excited substituted 
thiiranes have considerably longer lifetimes than the 
parent hot thiirane molecule, and collisional deactiva- 
tion is 100% efficient. Unfortunately, experiments 

im, the fall-oLf region, where variations in produce 
distribution as a function of total pressures would 
allow detection of the isomerization process, would be 
extremely difficult owing to secondary photolysis and 
other losses. 

It is probable that the analogous unimolecular 
Reabrangement reaction also occurs in the case of 
B( 1D) atom reactions with ethylene and even higher 
alkenes, but could not be detected because of the 
instability of the resulting vinyl alcohols. Selenium 
thiols could dalso be formed via isomerization, however, 
their thermal instability also precludes kinetic 
studies. 

Experiments performed at shorter wavelengths did 
not yield reliable quantitative results. However, 
thesvalues Of (VT/Th) Obtained in exther the 22980r 
214 nm photolyses are definitely higher than those in 
Ehe -2542nm photolysis (Fagure I1i-4). The apparenc 
fall-off at low pressure in the 214 nm photolysis is 


aque parLely to analytical product loss and partly sto 


Pluctuations 1m the Zine Lamp imcensicy. 
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The increase in the relative yield of VT at shorter 


wavelengths can be due to either/or any combination of 


three factors: 


a) 


The relative yields of primary steps [la] and 
[lb] are wavelength dependent. In earlier 
studies on the reactions of Da) atoms with 


oa that at x 229 nm 


alkanes it has been shown 
Steps (lal compruses 7424.08 step LU), ore. nels 
aus 254 SAM. 

The excess translational energy content of the 
Sas) atom increases with increasing photonic 
energy, with approximate values of 6, 12, and 
16 kcal mol? at 254, 229, and 214 nm, 
respectively. Therefore, the energy content 
Of the hot Th shoulid “increase prepertionally, 
thus shortening the lifetime of the hot cyclo- 
acdducu. 

The reactive rates Of ansertion and addition, 
steps [3a] and [3b] may depend on the excess 
translational energy carried by the Sib) 
atoms. However, the activation energies for 


these two steps must be very small and any 


effect on rate would probably be negligible. 


From the calculated RRKM unimolecular isomerization 


Tate constants as a function of total energy (at) 229 nm 
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and assuming that the relative rate constants for other 
reactions remain unaltered, a few percent decrease in 
the initial amount of s (3p) formation can be estimated 
from the experimental data. 


Finally it should be noted that two rotomeric 


structures of VT have recently been studied by Raman 


237024 
spectroscopy. 
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A aS ye Se 
H S H S 
an 
H 
planar syn pilenwarmarn 7: 


However, the energy difference between the rotomers is 
very small, the syn-VT lying only ~8 cal below the 
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CHAPTER. LV. 
SULFUR ATOM REACTIONS WITH ALLENE 
ls Reaction, products 


Ther dinect photolysis’ at N-="240) nm Of a mixtune oF 
P00; torre COS and 300 torr allene led to the formation of 
ten products, the elution times of which are summarized 
in Table IV-l. Empirical formulae were assigned on the 
basis of MS, and structural assignments were deduced from 
MS, NMR, UV and IR data, depending on the compound. 

Allene begins to absorb at A = 260 nm and at 
ZOOM, ben lua xX oe = torr + Sis. Hence, it appeared 
likely that the hydrocarbon products detected arise 
from the direct photolysis of allene. As expected, a 
p> mmnute photolysis of 400 torr allene Ted to the 
formation of all these products, the distributions Of 
which were very similar to those obtained from a 10 
MinucenrPplorolysis Ol) 25 etOnneCOSes = 25. com C3H,- 
Subsequently, experiments at various COS/C 3H, ratios 
Werescarrledqsout and 2b) was found that for COS/C3H, SS ko) 
the only retrievable products were the sulfur-containing 
PreGuces 1V,eVL) and VILL. 


Products IV and VII were identified as CS5 and 


methylthiirane (MTh), by comparison of their gc elution 
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times and mass spectra with those of authentic samples. 
MTh appeared to be a primary product and since propylene 
was a detectable impurity in the allene substrate and 
could not be readily removed by conventional means, it 


would appear that this product arises from the reaction 


s(t Soy ye ie a 1 
( D5, ) C, ee See CH-CH, fi 


On the basis of the well established chemical 
reactivity or SUliUr vatoms product, VIII could be 


S 


= CSc OG Cia -C-—Cilon 


oily 2 2 


i-ec., Lcesulting from addition Or insertion, respectively. 
The major fragments observed in the mass spectrum 
OF Product VIL; together with their relative antensities 


and tentative assignments are: 


relative 

m/e intensities fragment 

600 Cuiya 
We ay 

ae 5 

an 100.0 Sues 
46 Tere H,CS’” 
45 Bas Hes: 
39 34.4 HC=C=CH 


The gas phase IR spectrum of product VIII is shown 


in Figure IV-l. The most prominent peak occurs at 
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850 eles It is well recognized that the hydrogen out 


of plane deformation frequency of disubstituted ethylenes 


of the type R, R5C=CH, is around 890-880 cm + and the 


presence of an adjacent oxygen or chlorine atom causes 
a shift to lower frequencies. In allene and asymmetrically 


di-substituted allenes this band is observed at ca. 


850 cmme oe Significantly, the medium intensity band 


in the 1915-1980 om + region characteristic of the 
asymmetric double bond stretching frequency in cummulenes 
is absent in the spectrum: therefore, the carrier of 


the spectrum cannot be allene-thiol. The overtone of 


a 


the 850 cm ~ band should occur around 1700 ei which 


2S ny ethic C=C. region.» Because (Cr thiss 2b .is di tricule 


iG 


to assign the expected Cee frequency for MeTh. 


ie 

The ly NMR Spectrum of product eVill an CDCl, Bue 
30 Camis Shown in Pilgurewty—-2.) etiewobserveds 2.7 iPpm 
position of the methylenic protons is not consistent 


with the expected chemical shift of the =CH, (4.5-5.5 


2 
Pom) motety an allene thiol’ but on, tEhe other thaendy as 
in agreement with the ~CH,- Shissicen com OO) etn eindtiveas, 2 
Moreover, this ABX, type of spectrum is only consistent 
with that expected from MeTh. 

It should be noted that several other isomeric 
structures can be formulated for the C5H,S adduct. but 


none of these can be reconciled with above spectral data 
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which concordantly point to the methylene thiirane 
Structure. ~The correctness Of this assignment is 
Fupches substantiated by the fact that S(?P) atoms, 
whtehxcan-Only undergo cyelo addition, to above bonds, 
react with allene to yield the same major product (vide 


Di ae). 
2. Properties of methylenethiirane 


The U.V. spectrum of MeTh is shown in Figure IV-3 
and features three absorption maxima. The first is 
fairly broad and 12s centered at Ay = 275 nm with 

ih =] 


Ee, = On x Aes form !. sem) =e) Thessecond, extending 


From 250 Nimcoe2 hoe nm wth a maximum sat hy == 23. enm, 


is very intense and ae (Oe Aaa torr + em. The third 


ebsorperon atl 202 nm is relatively weak but is 


3 > 
nevertheless well defined. The second and third 
electronic transitions exhibit some vibrational struc- 
ture, and am this respect. the spectrum is simular to 
tiatwOr thiirane (vde suprd, whigure 111) yal though 
the spectrum of MeTh, as expected, is shifted to longer 
wavelengths. 

In the presentsinvestigeation it was noted that 
MeTh is very sensitive to surfaces, especially to pyrex 
glass and metals. However, no gas phase decomposition 


products were detected, suggesting that surface polymer- 


ization is predominant. Decomposition takes place on 
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prolonged storage (in excess of 20 hours) even at -196°C. 
In order to determine the half-life of MeTh, the 
rate of disappearance of the large band at 231 nm was 
monitored at room temperature for a few umoles of sample. 
Thevdecayy results are given in Table IvV-=2. The rate of 
decay of MeTh appears to be a second order process with 
Tespece, to Meth; as indicated by the plot in Figure 
tV-470 wechoa thalb-lite of 212 hougs.)) One possible 
decomposition product, CS5, which features a strong 


absorption at A = 197.5 nm, was not detected. 


3. Effects of exposure time and added co, pressure on 


Ene wproOoduce. yields. 


As noted above, direct photolysis of allene can 
be minimized for COS/C3H, > LOe “Suchwa maxtures at 600 
and 2200 torr total pressure was photolyzed for various 
periods of time and the results are summarized in 
Tables IV-3 and IV-4. At low conversions the yields 
Of the minor products, CS. and MTh (methylthiirane), 
were small and difficult to measure quantitatively, 
hence are not amenable to kinetic analysis. Their 
combined yield amounted to 9-17% of the total condensables. 
The time dependence of the rate of formation of MeTh 


is wii Mistrated in Figure 1V—-5..) [he extrapolated rates 


at zero exposure time at the two pressures examined are 


i? 


iL ta rors (esis 
, pdt tive Bq weet te t sit 
ein SES 36 hare vent | 

yetanes 20 astor | we?) 4 70d ide 

dg «ter SHS 6S 4¥s offer vet ncwesegaresie atiueot 7 = 
gy theo bene A set pean ar 


itie aspuct 
gol) ah 20d elt gt bateosbat a6. \iPan oF 


atdiatey sad .ateed SE. Se oeht-Die a fade 
ry fee? sie iyo  touteag mobs zecqmas 
‘on £66 poe S.TRD OF ae nad 3¢ 


nupss7e 2. 


,Gerpeae? 


teu lioidg teeth 4 svete tedon, aA 
pie.¢0 syeiule 6.495 Of a Ra paca 103 ir 


eeyuewig Isto? xs 0OSE5 


21° oie fn, to © 


ocaiteyv ach tex hero, ee 


nt hosltemene ose sires “02 bre omit. 20 eboLn . a 


anplarszaes wol 3A .D-VE Bae e+vi = sat 
bie a> yaoearbord xonine-0td § 


eblssy oi 


tacwssinslyaian) a + 


. % 


vietiead bonkup oaeeese (O +ivedd As bow Lise 2221 

sean? .¢4eylees Sperees O° clings FOR: en, 

na Meerateoe .[add? aft Xo 2J-@ ca Rppaeme, taste 
ips" Io nia amractt to $300 am Ye sore 

oetes horalagwnane ede .e-ve vronit aa & 

ald Lecabinaiaal waza sg pes wet Je ad : 


*? 


aes. 


13 2K 


TABLE IV=2 


Decay of methylenethiirane® 


oe Raa oe orl 4 
(minute) 

0 1384 4.78 209 

5 he 4.58 Zen 

30 de Ga. 4.18 Pa preee) 
50 1.54 4.00 20 
81 dD 0 Sram) S) 2d, 
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25 1.42 3:08 Digs fal 
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Te=—75-Cs cel: path Mengeh = 710 70-cm7 Sr =" 0.83) torr: 


[MeTh] ,_5 =e Se tmoOu.. 


Poptical density. 


: -5 
“Molar concentration of *MeTh x 210 ; 
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plotted as a function of pressure in Figure IV-6. 
Thesresulecelasted in Table s1V=3) il Somsnowacc hat 
added CO. haeceneo effect on the proequct yields om their 


austrnibutcLrons 
45 D2ascussio0n 


Both Ce) and (?p) sulfur atoms react with allene 
tO yield fa Single product, methylenethiirane: 
1 3 


aes 
PR c- Ge ee ea 


The expected insertion product 


Sui D,) a H,C=C=CH, ———® H,C=C=CHSH 3] 


has not been synthesized and is probably unstable, both 
thermally and photochemically. If this is the case, 
however, the high product yields obtained at 1100 torr 
and at low onversion, (Table LV—4) «strongly suggest thaw 
INsecteion, ~t at OCCULS, aS’ auminer Creact1on pathway. 
Mitsereswleers an contrast to ene te) + C3He 
reaction where insertion into the terminal =CH, moiety 
accounts for 19% of the overall reaction, but parallels 
gig system, where cycloaddition is 
22 


the only observable reaction. 
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In the casexof allene ther longer C-H and shorter 


C-C bonds, as compared to ethylene, indicate the 
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occurrence of hyperconjugation, which confers partial 


triple bond character to the molecule:~“° 
H q” 
Be » a ile, a 
C—=C==CH, ar ag C= C——CH. 
H H 


Hence, it would appear that the greater availability of 
the tm orbitals, as in the case of 1,3-butadiene, favours 
the cycloaddition reaction. Because of the geometry and 
polarizability of the nm bonds, the orientation of 

lonic and free radical additions is strongly affected 

by the nature of the groups already attached to the 
cummulene bond. Thus, in allene the central carbon is 
electrophilic, whereas in tetramethylallene the same 
carbon is nucleophilic. *~° 

At the time this project was carried out, methylene- 
thiirane had not been synthesized. Since then however, 
two papers appeared on this topic. 

Block et agh?! employing the flash vacuum 
pyrolysis-microwave spectroscopic approach, synthesized 
and characterized MeTh from two different precursors. 
Pyrolysis of either I36 or d. labelled source compounds 
afforded randomly labelled (between the thiirane ring 


and the exocyclic methylene groups) MeTh, suggesting 


a common, symmetrical intermediate: 
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[4] 
S aa — : ad SS S 
=O S 
Sie (6: 

About the same time de Boer and pOworae a 
observed that MeTh 1s formed upon pyrolysis cf a cyclic 
carbonate: 

ae s 
495° HC Ze Ae 
2 tS] 


and reported the mass, ultraviolet, infrared and proton 
NMR spectra of MeTh. Their data are in excellent 
agreement with those obtained in the present work. 

The chemistry of thiiranes containing unsaturated 
substituents is interesting from both the experimental 
and theoretical point of view. As noted above, MeTh 
decomposes slowly in the gas phase and at room tempera- 


ture to yield exclusively polymer whereas at elevated 
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temperatures allene, CoH, and CS. are formed. This 
observation; together with Block et al.'s labelling 
experiments, points to the occurrence of the tautomeric 


equilibrium, 


S os 8 
i ti 
ya _—— a } [6] 
fap s 


CoH, and CS presumably arise via decomposition of 


cyclopropanethione, 


S 
KK ree eis Eo fen dit [7] 


which is thermodynamically less stable (by 7 kcal wok ye! 


than the MeTh tautomer. The tendency to thermal poly- 
merization at moderate temperatures parallels the 

Maes ae PLS 
reactivity of allenethiirane. 


The energy content of the initially formed hot MeTh 


can be calculated from the relation: 


aa ° dt i ° 
<E*> = AH? (C3H,) AH (S ( D.)) AH? (C,H,S) IN Bjoe el 
Using the following thermochemical she oe 
E 7 ah . Al = a 
AH? (C3H,) =EA6, ekcabemnoL) a; AH? (S ( D.)) 92 700KCalemol: -- 
is . cal e Sul 
AH¢ (C3H,S) mere eK Cals MO. as AE, + 62.0 ekcade mo (where 


AE, Y isethestranslational energy oft the singletwsulfur 


atom) <E*> = 102 kcal ah This energy is more than 
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sufficient to bring about isomerization or bond cleavage 
but these reactions do not appear to be siqniricant in 
the pressure regime studied here, most likely as a 
result of the increased number of vibrational degrees 

of freedom (as compared to the CHyS case) which confer 


a certain degree of stability to the excited MeTh 


molecule. Thus, on the one hand, the CS. yields, 


2 
although erratic in some cases, do not appear to be of 
primary origin, and on the other, the MeTh yields appear 
to be pressure dependent (Figure IV-6). It is suggested 
EhatImost, 2th not all,.of the CS. arises aS a consequence 


of secondary photolysis of MeTh, in a manner analogous 


to the high temperature thermal decomposition: 


S Ss” S 
/ \ + hv =A = os —, CS + CoH, [8] 


De Boer and coworkers have suggested that, since the 
reactivity Of CS aS Simplan to that Of aekasence, 2° 


CS. could form from the reaction 


2 
S 
CS + (LSND greed. CS5 su CH, Lo 


by analogy to the general carbene + heterocyclopropane 
reactions.1?° 
Unfortunately, a Speciiic search for CH, was not 


carried out in the present investigation. 
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The photochemical behaviour of MeTh is similar to 
that of allenethiirane’?> in that both feature CS bond 
Cleavage; -thesend product-cf the: latter decomposition 


is thiophene and hydrogen: 


S 
e e 
€H5-C-CHICHS hy = CH-CH-Cu-Cus [10] 
e ® * 
CH=CH-CH-CH,S = ———» // fier cry ase Asis nay, 
S S 


In both cases however polymerization is dominant 
process. 

As noted above, allene is also a product of the 
thermal decomposition of MeTh. Although it is possible 
that step [9] contributes to some extent, a more plaus- 
ible pathway for the formation of allene would be via 
bimolecular desulfurization. This suggestion is based 
by analogy with the thermal decomposition of a fikeeme oO 
and its simple alkyl substituted derivatives, which have 
been shown to afford the corresponding alkene and 


elemental sulfur through the intermediacy of the triplet 


state. Thus, 


MeTh ————> MeTh (T,) 


+ MeTh ———~2C.H, + S 
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This competing pathway very likely takes place in 
photolysis as well. 
It 1s interesting to note that the photochemical? 
and thermal decomposition of thiirane and its various 
CH, CoH. and CH Substituted derivatives all proceed 
via the intermediacy of the triplet state to yield the 
corresponding alkene and sulfur, yet the presence of 
an unsaturated substituent leads to the occurrence of 
competing pathways involving isomerization, C-C and 
C-S cleavage. More detailed studies on the latter 
systems would be interesting from both the experimental 
and theoretical point of view. 

In contrast, methyleneoxirane has not been isolated 
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from thes0(-P) "+"°C.H, react10n; 


Bed 
ace. COs (57%), CoH, (38%) and acrolein (1%) and the 


the reaction products 


following scheme was proposed: 


ae 3 ips 

HC=C=CH., + O(-P) —_ H,C CCH, [14] 

ona 
—. *0-cC;\° [15] 

CH, 

oe © 

a cué-8H.]* [16] 

H,C-=CCH, See eave Cr 9 
———> H,C=CHCHO fale7) 
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CH, CH.-CH, 
mode 
PHS C=C-CcH. |] * —S C E12] 
CH,—CH. 
O + 
I e 
a a H,C-CH,-C=0 [20] 
H5C-CH, 
aa On eC aly, [21] 
® e 
H5C-CH,-C=0 i H4C=CHCHO (2 2\| 
Ineo 
The later experimental results of Lin et al. are 
consistent with the above mechanism. This scheme is 
completely analogous to the case of the S + CH, reaction, 
but because the relative stabilities of the isomers are 
reversed the final products are different. Thus, simple 


thermodynamical calculations predict that cyclopropanone 


te ee eke ar: wen more Shonisiker than methyleneoxirane 


(cyelopropanone polymerizes readily at room temperature???) 


whereas cyclopropanethione is less stable than MeTh by 
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The relative rate constant for the allene + 0 (3p) 


reaction was reported by Havel oe and absolute rate 


parameters were determined recently by Cvetanovic et al.; 


fe SE SER GOR ne) oe alee ees _—Bizeet cal) mote. sams 


14 
At room temperature (298°K) k,, = 7.7 x 10° 2 Salen Gre, 


The analogous rate constant for the s (3p) + CH, reaction 


8 


has not been measured, but considering the well established 


46 3 


general trends Gf the vs( Py atom reactions with 


alkenes, it is possible to estimate the rate parameters 


FOG titsenesction.. Thus, .the rate constant value shoudd 


QR won se, and the activa- 


tion energy should lie between 0 and 1 kcal mo1?, 


be in the range (2-4) x 10 


The cycloaddition reaction of sulfur atoms with 
CH, to form MeTh appears to be characteristic of 
cummulene systems in general. Thus, s(*D,) atoms 
react with methylallene to yield the two possible 


thiiranes as major predueesn 


ZN 7X 
CH,-CH—C =CH, CH3-CH=C—CH,, 
in comparable yields. Insertion into the CH, moiety 
also takes place, but to a much lesser extent. Thus, 


the reactions of Seb) atoms with cummulenes constitute 
a convenient and nearly quantitative method of 


synthesizing the novel series of unsaturated thiiranes. 
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allenethiirane was synthesized by Middleton in L969 


from the following sequence, 


ry z Reflux 
Sa ee en 2 ae ch eet enore 
= S atm press. 


S 


(CF) ,>C=C——C(CF3) 5 + N. 


and in 1976 Hortman and Bhattacharjya described’ 7 a 


general synthetic route for the preparation of a number 


of substituted allenes involving the pyrolysis of 


alkali metal salts of thietanone tosyl hydrazones: 


= + + 
N-N-TS (Na , Li ) 


where R = CH3, CoHe- These substituted methylene 


thiiranes are stable compounds. Neither of these methods 


however, led to the synthesis of parent MeTh. 
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CHAPTER V 


REACTIONS OF SULFUR ATOMS WITH ALKYNES 


Results 
A. Reactions of sulfur atoms with acetylene 
1. Reactions of s(*D,) atoms with ED at 160°C 


The products were the same as those reported 


93 


previously, i.e., benzene, thiophene and CS The 


2° 
product yield and distribution under the present condi- 
tions is given in Table V-l. The effect of temperature 
on the product yield is Significant when compared to 
the exploratory room temperature Brady) they product 


recovery, 52 at 25°C, iancreased to nearly 100% at 160°C 


i terms Of total sulfur atoms formed. 


Ze React LOns:.oOf s(°p) atoms with C,H 


° 
9 at 144°C 


Z 


The total product yield in this system where all § 
atoms are deactivated to the s(>p) state amounted to 
Gniv 4272, Table V=2,. in) terms of total sulitur acoms 
formed, which is comparable to that obtained in a previous 
room temperature seve LE vappears that=both S(*D,) 


and S(°P) atoms lead to the same products. 
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TABLE V-l 
Product yields from the Elbe 35) + CoH, 
reaction at 160°c.? 
Product yield ¢ yie1aP 
(u moles) 
Carbon disulfide 0.426 ooh eee: 
Benzene O.124 eto 
Thiophene 0.041 3E9 
Peace Oiiges 
4, > 240 nm; Photolysis time = 4.0 minutes; Ran = 0.726 
umol min -: P(C.H,) =) 240) torr; 9 (COS), = 980 torr: 


Don terms of total sulfur atoms produced; Rag 9: 465 umol mine 


“assuming that one S atom leads to the formation of one 


benzene molecule. 
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TABLE V-2 
Product yield from the s (3p) = CoHo reaction 
at 144°c.? 
Product yield ¢ yiela> 
(u moles) 
Carbon disulfide 0.040 Shc! 
Benzene 02 0182 Omea 
Thiophene O27 018 On) 
Total Arey 
ss Kg nm; Photolysis time = 20.0 minutes; P(COS) = 40 
= ° = e 0 = 
leigier P(C,H>) = 120 torr; Seo, = 1/400 toOrzT; Rao Or es) 
umol min +; Rao = 0.208 umol ano. 


Din terms Of total sulfur atoms produced; 


“assuming that one S atom leads to the formation of one 


benzene molecule. 
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Berwouliur atom reactions with 3,3),3-trif mMoropropyne 
i. sProducts of Ehe reaction 


Bhoeolysis*of amixtune of 460) tonrr CHF, and. SOMLOrr 
GOS sate 50°C Led to the formation of elght products, the 
Structure, relative yields and modes Of-identitication of 
which are presented in Table V-3. With the exception of 
enone Of these products Nave been) reported ins the litera. 
ture. Their mass spectra, together with the els NMR 


Spectra Ob Ene mejor products 4, 6 and 8 are given in 


Appendix B. 
a) Product a. 


The mass spectrum featured the parent ion (mM = 282) 
atta relativesintensity of) 87.6. (The nas NMR spectrum 
consists of a single peak at 99.35 ppm, which resolves 
into a complex quartet under high resolution. 

The U.V: spectrum of 4 consists of an absorption 
maximum at 201 nm and a less intense one at 272 nm. 

These features are similar to those of the U.V. spectrum 
reported by Barlow et ew for hexakis (trifluoromethyl! )— 
benzene in n-pentane, which has an absorption maximum 

flim calle | babar, 


Thesproposed structure (Table V—3) of 4 1s ‘consistent 


Wleh the: above spectral properties; moreover, by analogy. 
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with the § + C,H, reaction, 2 1 Oo iets: (ei or Io rome tava) i= 


benzene was expected to be a product of the S+C,F 3H system. 


Dy SP EOduCe (37 


The relative intensity of the parent ion (Me 9 2:32)) 
1SeWGek. 0. The ar NMR spectrum featured two peaks integrat- 
ing into 2:l.at, 99.81 and 96.06. ppm,. respectively 
indicating that two equivalent and one nonequivalent CF. 
Groups are present ian the molecule. High resolution of 
Ehestarst peak at) 99-8)4 ppm led to.a-very complex spattern 
but the other one remained a broad single peak. 

The UV spectrum features three absorption maxima, 

a Strong one at 203 nm and two weak ones of equal 


intensity, at. 263 and 269 nm. The farst absorption is 


in agreement with the value hy = 202.5 nm reported by 
eS a 


Bata low .Cla Gier, for hexakis(trifluoromethyl)dewar benzene. 


Moreover, exposure time studies have shown that Sats a 
PHOCOLY Sse product Of 4 and thus the assigned Dewar benzene 


structure is the most reasonable one. 
CG) Product 6. 


; + 
The mass spectrum features the parent ion (M = 220) 
as the second most intense peak, with relative intensity 
of 99.0. ~The UV spectrum ot chs: productafeaturesman 


absorption maximum at A = 226 nm. This absorption is 
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common to all CF, substituted thiophenes examined to 


5) 
date and may vary by +2 nm depending on the degree and type 
of Substitution. 

The ay NMR spectrum yields two single peaks of equal 
intensity at 99.66 and 103.65 ppm. Under high resolution 
both peaks give rise to complex doublets. Since the 7 F 
NMR and UV spectra of 2,3-bis(triftiluoromethy!) thiophene, 


33 7402 differ from the ones 


which has been synthesized, 
described above, therefore the only remaining reasonable 


structure for 6 is 2,4-bis (trifluoromethyl) thiophene. 
CG) aeroaguce tle. 


The parent ion cm? = 152) is the most intense peak 
in the mass spectrum. In the UV spectrum a strong 
absorption occurs at A = 224 nm and a weak one at A = 
272 nm, in good agreement with the UV spectrum obtained for 
2,5 74-tris(tritluoromethy!) thiophene” (wide wird). * The 195 
NMR spectrum of 7 yields ar sing Wespeakeace L002 9 spon, 
This chemical shift is consistent with that observed for 
6 (99.66 ppm). A careful study of all the available 
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F-NMR spectra of various CF,-substituted thiophenes 


3 
strongly suggests that the high field shifted positions, 


(i.e., 99.66 ppm as compared to 103.65 ppm in 6) correspond 


Lord CF. Group adjwacent to the sultur atom Ones 


154. 
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basis 7) 1s tentatively identified) as; 2-triftluoromethyl— 


thiophene. 
e) Product ie 


The mass spectrum again yielded the parent ion (M* = 
220) as the most intense peak. The UV spectrum shows 
one maximum X = 226 nm, suggesting a substituted thio- 
phene. Since the 2,3- and 2,4-isomers can be discounted, 
this product is therefore either 2,5- or 3,4-bis(trifluoro- 


methyl)thiophene. 
EyreProduct. le 


Product 1 was only obtained in trace amounts, but 
its MS fragmentation pattern (Appendix B) is consistent 
with the 3,3,3striftluorothioketene structure. The 
molecular ion (Mm = 126) signal has a relative intensity 
Ob 4.425. The (Mao). Signals, .OL Lelative santensity 372, 
itkelyvacorresponds, to the loss#ob, altsullunesatom sy) one 


most intense peak (M-51)* may be associated with the 


loss of S and F atoms. This type of fragmentation pattern 


USSR 


strongly militates against the CF.-C=C-SH isomeric structure. 


2. Effects of added CAF, 


Av lk: mixture of PEB=2 and 43/,3,3<=tritlucropropyne 


and COS at a total pressure of 680 torr iwas photolyzed 
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at 30-¢€ for 60 min. Ther observed products, together 
with their relative distribution, are given in Table v-4. 
OnesOr the mayor proauctes, oO, nas not been reported 
in the literature. Its mass spectrum yields the parent 
ion (M* = 288) as the most intense peak. The UV spectrum 
Features a StLong absorption maximum at 226 mm and a 
weak one at 272 nm, in close resemblance to the UV 
spectrum of 2-trifluoromethylthiophene, described above. 
Its ois NMR spectrum consists of three peaks of equal 
intensity, indicating that three chemically distinct 
CF. groups are present in the molecule. Under high 
resolution the peak at 105.02 ppm yields a complex 
Guertee, the peak at’ 103726 ppm a quartet, and the third 
peak at 101.57 ppm also resolves into a set of quartets. 
On the basis of the above spectral data and those of 


93 09 


Similar systems it is reasonable to assign the 


2, o14aeris (trit luoromethy)thiophene structure to ele 

The other major product of this system is PFTMT, 
10, and ats properties will be described latér. Products 
PY and 12 were only formed in trace amounts and hence 
could not be characterized. The tentative structures 
given in Table V-4 are based partly on their MS and 
partly on ‘kinetic considerations (vide injra). 


The yields of 6 and of 8 were very small. The 


trisubstituted benzene 4, the monosubstituted thiophene i 
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and the unknown compound Sywere demonstrably absent: 


S. BULeece Oofsadded -C H 
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Phorolyesis (60 -min): of mixture, of 5L0 torr C3HF.,, 
DOs Soh es a C,H, and 80)(torr ‘COS "at 150°C yielded no 
addataonal products, but it was observed that the product 


yields were considerably lower than those obtained in the 


absence of C,H,- 


4. Effect of temperature 


The yields of all the major products were higher 
ate sso 02 Cmehaneat2 5° Cs bur therrerelatiaver divstra bution 
was unchanged, indicating that all the observed products 


ares thermally stable. 
C. Sulfur atom reactions with perfluoro-2-butyne (PFB-2) 


In order to assess the absorption characteristics 
of the substrate at room temperature, the gas phase UV 
spectrum of 422 torr PFB-2 was obtained. Absorption begins 
abouts ve<= 2505nm, becoming quite strong below 235 nm: 


6 4 i ae 


Ee, DX HO" ae 240 nm and 127 = 10" torr ~ cm aAeire2 6) nme 


G.c. analysis of a photolyzed sample (60 min) of 
500) toms CAFe showed no sign of products, as expected, 


Owing tomthenvery smal leextinct rons coetficientlatethe 


effective photolyzing wavelength (>240 nm). 
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I. High conversion experiments 


PHhetolLy Sis on 400) torr CAF. Sud. 2OOs cork COS Ptou 
Po! main. sat 25°Caledato the formation of ten products, 
the elution times and tentative structure assignments of 
which are listed in Table V-5. All pertinent MS, aN 


NMR spectra are given in Appendix B. 
Ueeopectralsand thermal characteristics of the. products 
a) Pert luorotetramevhy lehiophene LOM PRINT) 


The preparation, spectral and thermal properties of 

10 have been described by Krespan.-°> It absorbs from 

180 ¢o 258 nm, with two unresolved maxima of approximately 
equal intensity, at * = 226 and -239°nm. » AG 7240 mm ve - 
ORG torr > ae It should be noted that the absorption 
MaxomMuMpatee 2 Ca nileLS chatecteristic OLmallecrilnluere— 
methyl-substituted thiophenes and therefore is useful 

LOL wdenuiltlcats1on purposes. PPIMT as) thermally sisarenen 


and can be handled at higher temperatures without 


observable loss. 


b) Perfluorotetramethyldewar-thiophene i3 (PFTMDT) 


PFTMDT (13) was first reported by Heicklen et a." 


Tes UV, MS and teks NMR spectra have been described in 


detail and the former two are identical to those of 
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product 13. The MS gives the parent ion (Me = 3J50)ea5 


thersecond most intense peak at 99.0.o0n) the relative 
scale. The gas phase UV spectrum of PFTMDT features two 
Maxima at 2477.5 and 336-5 nm, with Corresponding extinction 


3 1 =1 
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Boctriotents of leo 10 ane oe 


' 
respectively. 

At room temperature 13 is stable; its conversion 
to PFTMT at higher temperature was described by Kobayashi 
et ee bute whe wincatalyzed reaction rate tse very slow 


even at 160°C 5 h in benzene). 


oye 


c) Compound a 


The structural assignment (Table V-5) for this 
compound was made partly on the basis of kinetic considera- 
Gionsrandupa rely. one thembasis Of Lis MS “and es NMR 
spectra, listed in Appendix B. The MS gives only a low 
intensity peak (7/15) Wor sher parent 10n (Mt = 550)... = ithe 
ae NMR spectrum consists of four single peaks which 
imeegrace. Inssehe water sid GeThe sh gheeso luton 
spectrum leaves the low field peak at 109.70 ppm unresolved 
(“ieegraLion 2). resolves=the second peakvate 03. V9ganto 
Ewor similar complex) structures (integration 2)ee the 
third peakac, 99.74) ppm leads) ‘towa very Complex structure 


Gintecration i) and the high tveld peakvat 37- 00xppm is 


again resolved into a very complex structure. This 
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product appears to be unstable in the gas phase at room 
temperature, and disappears after several hours without 


forming any recoverable products. 
dj) Periluoro 3,4,5,6-tetramethy! 1, 2=dithiin (US) 


This compound is thermally unstable and sensitive 
to surfaces. When a gaseous sample of the dimer 18 was 
stored’ in a quartz cell at room temperature for about 
16 hours it has decomposed completely. Gc analysis of 
the decomposition products showed the presence of PFTMT, 
Pre=2eanGra Very broad trailing peak having variable 


Clutione@eimes (7 tor ls minje “Storage at —196°C inva 


quartz tube for about 14 hours effected 50% decomposition. 


Only very small amounts of PFTMT and PFB-2 were detected, 
and the broad peak was absent. 

The relative intensity of the parent ion (Mt = 388) 
is -only soso The UV spectrum of 18 Vo, Mil Geranea +. ene 
weak absorption range is between ~280 to 190 nm, but 
features at least one maximum at 250 nm. The mas NMR 
spectrum of 18 (Appendix B) "shows the presence Of two 
equivalent pairs of CF. groups at 108.47 and’ 99745 ppm. 
Under high resolution both peaks yield complex spectra. 
The FT-IR spectrum (in Argon matrix at 10°K) features 
a weak absorption at 1600-1650 cmt, suggesting the 


presence of a double bond in this molecule. 
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Only 1,4-dithiins have been reported in the literature 
Duce Ehe= photolysis studies by Zeller ex Ogee on 
Substituted thiadiazoles the transient existence of 
1,2-dithiins was postulated in order to explain the mode 
OF Lormavion, of ‘some of the products. ~The: 2,2-dathian 
Structure, Lor proauct [8 > is consistent with the above 


spectral data and also with kinetic mechanistic considera- 


Glens Uiae: Uy rd). 
e) Trimer 17 


The mass spectrum features only a low intensity 
Signal 9°3 for the parent ion (M* =—59:2) > | ihe arr NMR 
spectrum consists of six lines of equal intensities at 
106.335, 1 0620456 LOIS FSsoly 971687) 89.212 ppm. rhe 
high resolution spectrum is described in Appendix B. 

The UV spectrum of 17 shows continuous absorption 
from 190 to about 320 nm, with several maxima of comparable 
ieensi tLes at. — 206 ,) 225) 244,82 O,meco enn 

The FT-IR spectrum was obtained in an Argon matrix 
at 10°K and a weak absorption was observed in the region 
1600-1650 Sh, which may correspond to the ~C—=cC_ 
stretching frequency. 

On the basis of the molecular weight and the lop NMR 
spectrum which shows the presence of six unequivalent 


CE, groups, the most reasonable structures for this 
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product are lia and i7b (Table V-5). Although a more 
definitive structural assignment cannot be elucidated 
at this time, mechanistic considerations (vide infra) 
tend to support the unsaturated isomer, lia. 

Gc analysis of a gaseous sample of 17, stored akigy fe) 
quartz cell for about 16 hours at room temperature, showed 
the presence of PFTMT, and traces of undecomposed trimer. 
Ne preducts could be detected after storage in a quartz 
tube at -196°C for 48 hours, however the original peak 
Size decreased by about 30%. Therefore, the trimer is a 


fairly stable compound at low temperature. 
£) Compound 21 


The parent ion (mM? = 420) is a medium intensity 
signal (3779) in the mass! spectrum of 21. 

Phe ee NMR spectrum featured two signals of 1:l 
integration, hence two sets of equivalent pairs of CF. 
groups are present in the molecule. High resolution 
Yrelds two Sets OL Very "complex, specenanat 103% 50 and 
101.00 ppm respectively. 

Adduelonal sSippovewrOr. therstructuLse assigned to 21, 
given ineTable V=5 on the basis of molecular weight and 
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he F NMR spectrum comes from kinetic mechanistic 


considerations (vide infra). 


= oe nt 
’ a ; . — 
sie es sealable 


. af) qaemeiee4 a ey 


tk Bateta {2 20 ahaa 

Ha wiele daa dchiaadl OIE: tH, paper 
seeds? naccnsinaractins 20 avowed fale cee Se 
seep Oo ab onbeooe 167Ts Barondes a6 bivwd 
twee laegyiae cad 7¢vewnll oe Gpon 8 407 o-Gl- ax 

a eat yoalw <3 mest? 002 sendegs taeanesah yak 
cute mies 20} 28 Bqetgniae otdelrd ybt 


4s. duane 13. 


“priab meus of. 108 & Th) ach Jieecz0od GT 


= 


iprgiachade @hat ste es) 4BefS) 


te 
indice dine Sreaaad x" * 
’ 2 D.C whe is cw = : su5 | rity SaP Soe > ait 


faa 


wi Eo gaaeg Sreel el ene Ie 2258 ows) aeoeen aod 2O7y 


= 


io. eo LORS teal eiumedon ant as sontarq oua 
pp O2,FhD dm sudnege elo (fer 25 ates Cws el 
VuavLenonees ayy 60. L085) 

fo of Hoapiaes @usGowe® ed 40% s2caguP eaghesthe 


Sam sieGiew aetuee tom Ap beds wit ap pete alata a we 


mipeamantonnt Sikeieh mrptt iva ae 
| iene stile p 


oa) > 


2 =i 
a - 


a 


Storageror product 21 for several days at 25°C in a 


quartz tube effected novappreciable loss, theretore, it 
appears, tojbe thermally stable.” Les: thermal stability 
at higher temperatures was not investigated. 

The remaining products of the high conversion 
experiments, 5; 16, 19 and 20 were detected only in 


rw 


very small amounts and because of their thermal and 


SUrEaCe Instabvlities it was not possible to characterize 


them further. 
2. Effects of exposure time on the product yields 


The dependence of the product yields on exposure 
time gs Vested in Table V-6, and ullustratec in Pigure 
V-1, from which it may be seen that the PFTMT yield 
gradually decreases with time while that of PFTMDT and 
the trimer 1? Gradually increase. The other products, 
14, S\ 19, 20 and 21, were not detected in the first 
15 min, and formed only an «traces at 305min, photolysis 
time. 

At longer exposure times (192"min, see Table V—5) 
the following general trends were observed: 

a) A near correspondence between the rate of 

increase of 13 and the rate of decrease of 10, 
suggesting that the former gariuses) Erom photo= 


conversion of the major product PFTMT, 10. 
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be the yield of compound Wee increased slightly. 

c) Several large and unresolved peaks appeared at 
elution times corresponding: tovehose or the 
trimer ad and dimer 18. 

d) Trimers 19 and 2:10 were= detected at) elution 
timesm=9e 0 vand= 1248min; sespeceuvel yy. sine 
trimer 19 yield remained unchanged as compared 
to the 60 min experiment. 

€) Traces Of Compound 21 were detected, eluting 
ee) 156 >min. lets yield 2s strongly, time 
dependent. 

The-efiecte of exposure time as negligible for the 


Caseror products 14), 15, 6.) 133 L920. 
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on sRELect 1O£ CAFE pressure on the product yields 


DL Moxture consisting /ore480" Lerr CAF. ance coun LOL 
COS was photolyzed for 46 min and the yield of the 
trimer ng) increased approximately two-fold as compared 
ton ehat crema Mixture Of 240 torr Cake andea2 3 Or corr 
COS. (46 min photolysis time) .-Mthus;. the yveld iby abe) 


NOt onlywa function Of exposure time but falco m@reere=2 


Concentration. Assuming equal detector responses =the 
major products were formed in the ratio 13:17:18 = asyige st 


4. Effect of COS pressure on the product yields 


Photolysis of 30 torr COS and 2405torr Cas fOme sO amLn 
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beds tothe formation of 0%; Let L671, andes Li and 

18 were formed in a 1:1 ratio but 13 was formed in only 
Ssnalipamounts.) When 200 torr COS was added to this 
mixture vand photolyzed fon 16 min the Gimer wield doubled, 
and remained unchanged at longer exposure time (46 min). 
Only “small amounts of trimer 17 were detected for the 


16 min photolysis, but longer exposure time (46 min) 


greatly enhanced its yield (approximately six-fold increase). 
5. Effect of added PFTMT on the product yields 


PheLolysis Of a Mixture consisting Of 480) torr CAF e 
and 280 torr COS in the presence of 26 jimol PFIMT led to 
thes following results: 
a) A dramatic, 25-fold increase in the yield 
OL *PFTMDT, a “clear indication that this 
Product. arises from secondary photolysus orf 
PE Np 
Bb) A Substantial increase in the yield) ot compound 
ia. 


c) A 35-40% decrease in the yield of trimer 17 


and) a slight decreasevin the yield of dimer 18. 
6. Secondary reactions of PFTMT (10) 
a) Reactions with S atoms 


In order to more clearly define the possible secondary 


reactions of 10, 300 torr COS was photolyzed (40 min) in 
tr 
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the presence of 35 wmol PFTMT. The major reaction 
product was identified as compound 21 (Table. V=5)- 
Small amounts of 13 and traces Of an unidentified 
compound (possibly an isomer of (CFS) 5) were also 


detected. 


b) Reactions with C 1) 


4—6 


Photolysis (40 min) “of a mixture, of 300 torr CAF. 
and 35 umol PFTMT led to the exclusive formation of ee 


The original concentration of 10 was depleted by half. 
7. Effect of temperature on the product yields 


In order to examine the thermal stabilities of the 
products the photolysis® (3 0emin)) of 80 torn, COS and) 240 
EOrE CaF. waS carried out at 160°C. Only 10 and 13 
were detected in increased yields as compared to room 


temperature experiments. 
II. Low conversion experiments 


Under conditions of low conversion (cf. Figure V-2) 
themonly  sulfur—containing, product 1s PFIMT }(10)7. The 
following series of experiments were carried out in 
order to shed light on the nature of the primary processes 


leading to the formation of this compound. 
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is ERlect sor PFB=2 pressure 


The data are listed in Table V-/ and illustrated “in 
Biguve V=2,—ethe most Striking feature of which as tne 
very shallow decline an the CO yields, which do not 
appreach, CO7/2 even at 1300) torn pressure. This is) in 
marked contrast to the sulfur + alkene systems, where 
Ene sO, yields anitially decline very waoidly with 


increasing alkene pressure. 
2. BELecty or the COS/C,F. ratio 


As may be seen in Table V-8 and Figure V-3 the 
PFTMT yield is sensitive to the butyne/carbonylsulfide 
ratio. The observed linear relationship with increasing 
relative concentration of Cake, however, 1S expected to 


curve and eventually level off at higher butyne pressures. 
Beh ereCtL On COtal, pressure 


The results of this investigation are shown in 
Table V-9 and Figure V-4, where it is seen that increasing 
the, eotalspressure from 200 to 1200 tom, elteccts axyscmall 


but definite enhancement in the PFTMT yield. 


Ame neeueOr added CO. 


In the presence Of increasing pressures Of CO5, 


HN 


which has been shown to deactivate S(~D) atoms to the 
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ground (3p) state, the PFTMT yield gradually decreased 
toOwa limiting value of about 142 at 3400) torr, as’ shown 
ine Figure V-5. "No new products were detected. At this 
point CaF was gradually added to the mixture in order 
to see whether the PFTMT yield was sensitive to the 
COS/CyF . ratio: under these conditions the PFTMT yield 
has only marginally increased to 18%, in sharp contrast 
to the case where aoe sulfur atoms were the reactive 
species. The pertinent data are given in Table V-1l 


and illustrated in Figure V-6. 
5. Effect of temperature 


Blank experiments showed that PFB-2 and PFTMT are 
stable at 160°C and moreover, allowing the photolyzate 
to remain standing for 3 hours at room temperature, did 
Not atrect the product yields. 

The effect of temperature is shown in Table V-12 
and illustrated in Figure V-7 where it is seen that the 


PFTMT yield increases with increasing temperature and 


at L20°C reaches LO0S, im terms of “sulfur atoms produced: 


Beyond this temperature the yield 1s 100% regardless of 
pressure and relative COS-CyF, concentrations. Upon 
prolonged photolysis at, this temperature the PreIMT yicid 


as )drastically reduced and a small amount of PRIMDI) was 


detected. 
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The above experiments were also carried out in the 
Presence of a large excess of CO. in order to delineate 
the reactivity of s(>p) atoms and the results are also 
mpiusecraced in Figure V-7). “As compared to the results 
in the absence of CO, the PFTMT yield approaches 1003 
abea slightly higher temperature, about 146°C.” The 


pertinent data are given in Table V-13. 


6. Herecte of added CoH, 


Suliur lvatoms react with mixtures of C,H, and PFB-2 
to yield PFTMT and 2,3-bis(trifluoromethyl) thiophene 
(b=TFMT)) aS major products, together “with traces of a 


Ssymmetnrcal bis (trifPluoromet hy!) thiophene (2, 5)0nes, 4) 


and CS.. Benzene and thiophene were demonstrably absent. 


2 


The effects of acetylene pressure and of temperature 


on the PFTMT and b-TFMT yields are given in Tables vV-14 
and: V=15, respectively. 

The addition of small amounts of C,H. leads to a 
large initial decrease in the PFTMT yield at both 
temperatures, then with increasing CH, pressure the 
PFTMT yield gradually decreases while that of b-TFMT 


gradually increases. Temperature has a significant 


effect on the yield of both of these products: at 130°C 


that of PFTMT increased about three-fold and that of 


b-TFMT, over ten-fold. 
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Discussion 
i. the primary adduct 
S23 


MOVcalculatirons have shown that the primary 


adduct of the gas phase reaction of a0) with acetylene 


>) 
Gan be 4n-t) antiaromatic thiirene, formed along a spin 


and Orbital “symmetry alvowedl*path, 1 ce. , 


oy ee oy (1] 


Singlet state thioformylmethylene, 


"Ss S 


ee aie cn ~<—> HC-CH) (S,) bed 


dp) 
\Z) 
+ 
HI 


(which may also be formed from opening of the thiirene ring, 
s S) 
. |l 


S 
ai 
ese ee (S)) in 


or ethynylthiol, formed by insertion of the s(+p atom into 


5) 
the acetylenic C-H bond; 


Sho Ds) tee eae OSC SoH [4] 


In the case of the s (Pp) + acetylene reaction only the 
formation of ground triplet state thioformylmethylene is 
a spin and symmetry allowed process: 


ote S 
rs es 


Sy = see ((eSer HC-CH) (T,) [5] 
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From the calculated relative thermodynamic stabilities 
(Figure I=5) of these isomers it can be Seen that. [1]-{[5] 
are exothermic reactions. 

Although theoretical calculations are not available 
LOVeEne nor + H-C=C-CF. and S + CF3C=CCF, systems, it will 
be assumed that the allowed reaction paths and primary 
adducts are completely analogous. 

The transient existence of thiirenes as intermediates 
in the low temperature matrix photolysis of 1,2,3-thia- 
diazoles and thioxocarbonates has been well documented 
and it has also been shown that the stability of CF,- 
substituted thiirene is markedly enhanced. The major 
mode of decay of thiirene is ring opening to form 
thioformylmethylene, which subsequently rearranges to 
thioketene: 


S S 


|| 
Pee Neg —> R,C-CR, ——~ R,R,C=C=5 [6] 


1 2 uA 2 ee 


This reaction is however inoperative for Ry = Ro = CF, 


because of the low migratory aptitude of the CF, group. 


3 
im this case, sulfur extrusion has been observed: 


S 


F ewer —~> CF_-C=C-CF., + S [7] 


3 3 3 3 


For the case of parent thiirene and methylthiirene 


rearrangement to ethynylthiol and methylethynylthiol 


OG 02 
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constitutes an alternative pathway: 


ie —— > RC=C-SH [8] 


where R = H, CH3- 

in the presence of alkynes, thiirenes have been 
shown to undergo concerted addition across the triple 
bond, prerterentially on the less substituted ¢-S side, 
GG, 

R R 

Hl + Z\, —* r4,A, [9] 

| 


R 


In the ai 0) + alkyne systems steps [1] and [2] may 


©ccur in parallel and in “competition; alternatively, 
either one may be predominant but on the other hand both 
species may be present since the following rearrangement 
can take place: 


S S S 
oe .-|| 


ISCO TRU Sh) re OG —— RCCR(S,) eo) 


a 


Returning briefly to the photolytic studies carried 
out on, 1,2,3-thieadiazoles + alkyne systems, Strong 
evidence has been presented to the effect that the reactive 
intermediate in the thiophene-forming reaction [9] is 


fhe thiirene and not the thioketocarbene isomer. ?> By 
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analogy it will therefore be assumed that the reactive 
intermediate in the s(*D,) + alkyne systems is the 
thiirene structure. 

The possible occurrence of direct insertion, step 
[4], cannot be verified since ethynyl thiols are expected 
to be thermally and photolytically unstable in the gas 
phase. Since, however, it has been shown that Shae 
atoms do not insert into the C-H bonds of allene (Chapter 
IV) it seems even more likely that the greater accessibility 
of the triple bond in the case of alkynes would favour 
addition over insertion. 

The following brief general comments and predictions 
and 


can now be made for the SuaD>) + C. HC=CCH 


Del 3 


FCC=CCF 3 adducts: 


S 

a) Jaden undergo rearrangement to ethynyl thiol and 
hence to thioketocarbene, or condensation with C,H, 
to form thiophene. In fact, small amounts of 
thiophene were detected along with CSo, a photolysis 
product of thioketene. An additional, as yet 


unknown, mode of decay of C5H5S in the presence of 


acetylene leads to the formation of benzene. 
S 


BGS ON -CF, can in principle undergo the same reactions 
as CHS and should be more stable with respect to 
polymerization. Accordingly, traces Of 375 Scr 


fluorothioketene were observed and the corresponding 
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Substituted benzene and thiophene yields were 


considerably enhanced as compared to the S + C,H 


system. 


S 
staal) P3CN LN CF, can only decompose to yield Cake and 


oy, Ol undergo addition to the triple bond of ¢ Thus 


at 6° 
at low conversions PFTMT is the only observable product 
in 46% yield under optimal conditions. The absence 

of substituted benzenes may indicate that the 


benzene —-Tormimng salt] iis. Or Cc HS and C,HF.S depends 


2 See) 
On One Or more group migrations along the reaction 


sequence. Alternatively, steric effects may play 


a decisive role in the formation of benzenes. 


Since thesS s+ CAF¢ reaction has been studied in 
greatest detail, its kinetic-mechanistic features will 


now be delineated. 


2 Mechanistic details or the: Ss + CAF. reaction 


The sole retrievable product from the reactions of 
sulfur atoms with CyF¢ is PFTMT, at low conversion, 
reGardless of the Spin state Of the Sutium atom. | fiis 
result parallels the S + C,He-1,4 and? ome: CH, reactions. 
(Dag hain 18 and the uncharacterized product 15 appear to 
bev primary products, Hagure V-l,) but their yieldssare 


negligibly small). The yield of PFTMT at room temperature 
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Nowever isPsubstantivally higher, (2202 of ‘the total) for 


s(t 


D,) atom precursors as compared to s (7p) atoms (15-18%). 
Increasing the total pressures has only a marginal effect 
on the product yields, hence there are no unstable 
intermediates requiring pressure stabilization. 


The many possible primary reactions ensuing from the 


photolysis of COS in the presence of C,F, can be summarized 
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When equation [1], calculated from the data from 
TableyV=137, is plotted in the Arrhenius form, Facure V-—s, 


a good straight line is obtained. From the slope, 
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Arrhenius plots for the s (3p) + CyFe system. 


FIGURE V-—8. 
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Rj 4 and Rig were calculated at each CyFe pressure and the 
resulting values were subtracted from the experimental 


datawvto yield =R and R The rate constant ratios 
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value is "slightly smaller “than that estimated for CoH, 


from computer Simulation studies (cf. Chapter III), 
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jhe, RHS Of eq. II was calculated from the datalin Table 
V-13 and is plotted in the Arrhenius form in Figure v-8. 
It is reasonable to assume that the polymerization 
reactions, [19b] and [20a], feature activation energies 
which are negligibly small or even zero: hence the 
temperature dependence of the plot in Figure V-8 reflects 
Chat rol athe PETIMTI—forming reactirons., —TWosetarrly aistinct 
regions can be seen: at low temperatures (between 
approximately 23° and 83°C) the temperature coefficient 
is small, corresponding to E 2 Sek Can mole and the 
region above 83°C features a very high coefficient 
corresponding to E,~ 26 keall note: It is suggested that 
the PFTMT sequence [19a] + [20b] correspond to the 
temperature dependence in the low temperature region and 
the.sequence [19a] >+ [20a] - 120¢c]7 to that of theghagh 
temperature region. Thus, [20d] should be an endothermic 
reaction (the T) level of parent thiophene lies 82 kcal 


e above the ground state, and its rate would be 


mol 
expected to be negligibly small at room temperature. 

The analogous plot of eq. Ii for s(*p,) atoms, from 
data in Table V-12, is illustrated in Figure V-9.") Here 


the curvature is more pronounced at low and intermediate 


temperatures but at high temperatures the slope is very 
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Observation suggests that most, if not all, the Prrmr 
yields at high temperatures arise from triplet state 


precursors: a= 


P) atoms “(@34%-vyield at 25°C) and 
Capeccr, (To), formed in step [21]. The low temperature 
region would then correspond to the singlet reactions 


bi4al and [5a], both of which feature diferent activation 


energies. 


Bo Kinetic ‘study Of the C,H, + CyFe + S system. 


When CoH, is added gradually to a COS + CyFe mixture 
the PFTMT yield is rapidly suppressed initially, then 


declines more slowly with increasing C concentration. 


G2) 
The effect is even more pronounced at elevated temperature, 
as olustnated sim Fagure V-10-" =On thevouierenend atic 
Vuelas Of 2, 3—bis (Ural luoromethy LL) Ehvophene | (b-TaMTr) anpeags 


to increase monotonically with CoH, pressure (Figure V-11), 


the rate of increase being much more pronounced at higher 


temperatures. The competing reactions 
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P(aB ote hy Se S (To) [5] 
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Sit <P) otoC, Be Ce a) bL7] 
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that awl the s (3p) atoms are scavenged by C,Ho- Also, 


because the CHS (TO) 


product yields, it can also be assumed that under these 


adduct leads to barely detectable 


conditions the product-forming reactions arise solely 
from Sten) atom precursors. 

When the PFTMT rate data between 25 to 200 torr 
acetylene pressure at 132°C are corrected for the small 
COntribution from reaction [17] and then extrapolated to 
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zero acetylene pressure one obtains Ro = 0.1824 umol 
Hae oo which represents the rate of the Sie + CAF. 
feaction. The connected PFIMT yields, along with those 
of b-TFMT and thiirene, one listed in Table V-16. The 


following set of elementary reactions will now be 


considered: 
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Steady state treatment of the above mechanism (derived 
in Appendix B) leads to the following equations for the 


rates of formation of PFTMT and b-TFMT: 
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where Q = Epurys and Q' = usanad 

[CaF] [C,H] 
The input parameters for equations IIIa and IVa are listed 
im) Tables V-17 and V-18, respectively and the plots are 
shown in Figures V-12 and V-13. Least-square methods 
were used to calculate the slopes and intercepts, from 
which the following constant ratios were derived: 


from equation Tila, 
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and from equation IVa, 


From these ratios the rates of reactions [22] and 
[23], eqns. V and VI, can be computed. The results are 
summarized in Table V-19 along with experimentally observed 
values. The reasonably good agreement indicates that the 
above mechanism for the S + CoH, as Cake system is probably 
avalrd one. 
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From the above rate constant ratios it may be concluded 


that b-TFMT is formed mainly by reaction [22] and that only 


a small contribution, if any, comes from reaction [23]. 
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With increasing CoH. concentrations ‘the product yields 


gradually decrease from 100 to ~40% (Table V-15). Benzene 


and thiophene were not detected, even at the highest 

C5H5 pressure employed, and under these conditions only 
trace amounts of CS. were formed.) This us in, sharp 
contrast .to. the s("D,) i CoH5 system at 160°C, where the 
CS, yield was ~82%. CS.5, as noted above, is a character- 
istic thermal and photo-product of thioketenes. Although 


HES mode of formation. is not welilmestablished, the most 


reasonable pathway is via bimolecular disproportionation. 


Hog Velsts hoe 42 CH, system the following sequence of reactions 


can thus be envisaged, 


S) 
oe \| 
[zaeeNG (Ore He CH) == _HC=C=SH =a thee [253 
2H,C=C=S* SS CS, +P C3H, 
H,C=C=S* tee H,C=C=5S (27) 
nH.C=C=s —_———~= polymer [28] 


where at 160°C steps [27] and [28] are unimportant. |For 
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efficient, and thus the reduction in the products /telds 


ime hne. Sat C.F2. +7 system can be ascribed to the 


ners gto 


occurrence of step [28]. 


however, it would appear that step [27] is quite 
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The value Kyo/kyy = 0.9 1mplies that bisitriftluore= 

methyl)thiophene reacts as a nucleophile, in agreement 

with G€arlier findings and predictions. The rate constant 
ratio Ky 4/k3 = 100 should not be interpreted as correspond- 
ind directly to, the relative rates of reactions [23] and 
[24] since the kinetic treatment was performed on the 

Strict basis of product yields. ‘Thus thiirene, generated 
£rom the photolysis Of 1,27;,3-thiadiazole., has been found 


to react wath C ik. to yield b-TEMT an only 15-206 Vireld, 


4° 6 
under pressure conditions similar to those employed in the 
present Sta nehy The above kinetic treatment, however, 


ascribess cone entire Loss of products an reactions: (23) 
and [24] as a result of polymerization solely to reaction 


[24]. 


4. Reactions of sulfur atoms with acetylene and 


377 seer Cc IUuOLOprLOpyne 
i) With acetylene 


The reactions Of Sulfur atoms with CH, lead to the 
formation of benzene, thiophene and CS, in a combined 
yield of 5% at 25°C. Extensive polymerization was observed. 
Neither the nature of the products nor their relative 
distribution was affected by the spin state of the sulfur 
atompeand this appears eo berasgcncral feature OL Ss 2 


alkyne systems. The primary reactions can be summarized 


A eer 


jngisnen, 92K’ Gt? ~' Re 
So geotsa0 48 taterqrerak et 2s 
bc (RG) aanlioee sto to eates : ‘ tis sss 
ag? aa fadroy 18G waw nt itd mi > a 

nas? its Ween? ektang suvbong Yormiand, 92 we 
bans? Gead: wnt » toe telat’ ys oh. AE aaiiadeca 
‘Gisty eat=8L clae ad SRR Ae jayD Ask gosst 0s 
fog gocd! 2 ve lie aol s2 EHS? seweeetg Wsbav 
nivedi«a STSte GET wat those sesesmy ~ 
eS] eaatétias at saoubem Te 4am! arishe ett aadizoes 
nice makiastseeryleg to times & ae (6S) bas 
tbs. 


Pa Peperwy 4 


aio al ©3776 


“ayy yui , 2Ae ran 


Ao.) 2es 


tae QDH epee <aebid erate gaz hes Le snolss5a8 ts 


Seegergencettez7-t tsk 


, itiw UE 
- - 


al 


Le 


ane w¢ Seed ,.-) Ader paitie 4wrtae to anpitoass off 


é i 


rr 
an beeeuam - at 23 bee saste aids pteseed ta Lr 
USevaeade esv aol sustiemging diane ie co ae tot 


asideies weds: Big) were, a te use ont 2 = 


The ot? 1 “iare <e. a4 wo Kastae eae ac dud - 
arr ve we 7 
fe te mnltoe Eaiecie » os «3 eenant i Bas 


rate meres 8 7 «fms 


| ae 


eae 


as follows: 


S 
ak 
S ( D.) + CoH, a ee (So) [aj 
6) eos | 
S(~P) + Cl) aaa Cae (Ty) [5] 
S 
ee | 
i (So) ——»> HC-CH (S,) PSs 
; i 
es co) tae 2. plaee Soe Go [29] 
i ; 
= 
HC-CH (T) —— > HC-CH (S,) [301] 
S 
aa / ‘ 
HC-CH (S,) + C.H, ——> (S,) [3.151] 
I Oe S 0 
S 
HC-CH (S,) i324 Hesese (5) = ie = Ss © 
1 2 0 2 
ai 
HC-CH (To) + CoH, ——> polymer [34] 
The moades Of LOrmati1on of CS. and benzene cannot be 
elucidated at this time but one possible route to CS, nS 
condensation of two hot thioketene molecules: 
2H,C=C=S* ee CS, SE CH, OAS | 


Untorcunately, 16 was NOt possi@blesto decece, the presence 
of allene in the present investigation but CS. isa 


Characteristic. products Of the photochemical and thermal 
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decomposition of thioketenes and moreover at higher 
temperature, 160°C, its yield corresponds nearly quantita- 
tively, to that of ST, produced in the photolysis of 
COS. There is no additional evidence either in favour 
of, or against, the mechanism originally proposed by Dedio 
(GE. Lt 'Section, 1,—2<-111) for the mode of tormation of 
benzene. 

As observed for the case of the S( abe es SE 
the CS., benzene and thiophene yields from the S( Zp.) + 
CoH, reaction are quantitative at 160°C (Table V-1); CS. 


isescill by far the major product. In contrast, the 


dominant overall s(>p) + C Hy reaceionsat, 144°Q 7seseril 


2 
polymerization (Table V-2). 


il) With 373, 3-triciuoropropyne 


The oes C3HF. system was only briefly investigated. 
ThesmMmajyODePLrOductes) (fable V=3) face 717,37 5-tiristri fe luoro— 
methylbenzene and 2,4-bis(trifluoromethyl) thiophene, 
formed in nearly equal yields, and smaller amounts of 
2, 5-bis (trifluoromethyl) thiophene; were, detected saiience 
of the, four possible conformations of the) Cransition 


State Of tne: tri LuOromechyithia rene: + CHF + DLS ( tra 


fluoromethyl)thiophene reaction, i.e., 
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CF, CF3 
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Structures c and qd both! lead: to 2,.4—bis (tritluoromethy! )j— 
thiophene. Although steric hindrance is at a minimum 

in both cases it is suggested that d more accurately 
TFePpresences the transition State since in thas case 
addition takes place across the weaker, substituted C-S 
bond of the thiirene. Structures a and b lead to the 
3,4- and 2,5-isomers, respectively. In a however the 
bulky CF. groups are expected to destabilize the transi- 
tion state, thus lending credence to the tentative 
assignment of product 2, as the 2,5- isomer. Because of 
the weaker FCC-S bond however reaction via the transition 
complex d is favoured five-fold over that involving b. 

Although quantitative analyses were not performed 
the combined benzene and thiophene yields were 
substantially higher than those observed in the § + CoH, 
reaction, owing to the higher stability of perfluoro- 
methylthiirene as compared to parent thiirene. 

The detection of CF CH=C=S is significant because 
it constitutes direct evidence for the transient 
existence of thioketocarbenes in these systems. 

Product 8; the Dewar benzene, is a Secondary 


photolysis product of 1,3,5-tris(trifluoromethyl) benzene 4. 
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Monosubstituted thiophene 7 is formed in significant 


amounts, aS is the uncharacterized product of MW 288 (3)% 


a) Effect of added ¢C Fe 
a a ee 


in the presence of C (Table V=4) the only products 


ane 
attributable to, the S + HC=CCF , reaction are 6 and 8 and 
these are only formed in trace amounts., The two major 


products, formed in equal yields are tri- and tetra- 


substituted thiophenes from the cross reactions 


/ \—(cF3), 
C,F,HS + CAF. ——— [35] 
S 
(CEE) 
aus esr on mene a5 eee. [36] 
S 


(CF, ) 
CT aoa. nie [ ug mal 
iS 


From the above observations, and on the basis of the known 


and 


Stability of bis(trifluoromethyl)thiirene, it is suggested 
that most of the trisubstituted thiophene product arises 
from reaction [36]. if so, sehen CAFS would appear to 


be equally reactive with all the alkynes investigated 


here. 


b) BEtect of temperature and or added Cau 


2-2 


The overall product yields increase with increasing 


temperature but under the conditions employed their 
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distribution remained the same. 
In the presence of C5H5 the yields were suppressed 
and no additional products were observed. 
These results are consistentewith prev vous observations 


on the S + alkyne systems. 


5. High conversion experiments and secondary reactions 


in the -S: + CAF. system. 


As@ecangbe seenytirom Table V—5,04 Verge variety orf 
products was detected in the high conversion experiments. 
It was possible, in some cases, to deduce structural 
assignments for the major products and two of the minor 
ones on the basis of spectral data and kinetic (vide 
infra) considerations, but those products formed in trace 
amounts (15, 16, 19, 20) remained uncharacterized. 

The major secondary product is PFIMDT and “from the 
data in Figure V-1 and the results of the photolysis 


experiments with PFTMT, PFTMDT is clearly formed by 


photoinduced isomerization of PFTMT: 


The» —O 


S [38] 
0 eS 


Hercklen et al. were Ehe first to study the gas phase 


photochemical and mercury Sensitized. PFTMT-PFIMDT 


eonom ato They reported CAF¢ and 13 as the 
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principal gas phase products, and suggested that the 
formation of valence bond isomers is a general reaction 
of photoexcited thiophenes. 

They leloeorvdlehaan 18 is negligibly small at low 
conversions but the results shown in Figure V-l indicate 
Eiateit oa primary Product. 1) is" proposed. that 18 
is formed via recombination of the thioketocarbene 
gsomers! formed im step \[/14bi.  -This=may occur via a 


"head to head" mechanism, 


et ve —_—__> i. [16] 


18 
On Vhead “co. tail": 
S F = 
"AK 3 | 
Ci an | [16a] 
F.C \ 3 
——— e 
F.C 
ie) 


-S 
oO | 

However, the recombination of a variety of RC=CR' 
adauctse(k, Rk = Ph, ob, COOMe, COOEL, 2hCco,; —=Meco,, Me) 


in benzene solution has been studied by Zeller and 
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the analogue: step [l¢éali found to be ampoertant.: for ail 
the other adducts examined the "head to head" type 
recombination predominates. The intermediate dithiins 
examined in this study were unstable and supposedly lose 


a sulfur atom to yield thiophene: 


Steate) 
The stabllivy "Of di tniin 18 issatcrabuted Lo the 


Presence Of the strong electron-witnarawing: Cr. Group, 


3 
The uncharacterized dimer product 15 may arise 
fromya small contribution of “the “head to tar” 


recombination, step [l6a]}. 


At this point it is necessary to take cognizance of 


the secondary reactions involving sulfur atoms. The most 


Obvious one Wsvwaddition to PrFIMTr: 


S) 
Sead noe I. —— Ie [40] 
S S 


The hypothetical CoF 12° 5 


assumed to be the precursor of eer 17a and= 2) Ths, 


e = I) [42] 


J 5 = S 
Sled ee TY [41] 
S 


isp) 


aed v7, fee eee / [43] 


species was not detected but it is 
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with Kay and K4y3 being much greater than k as suggested 


42' 
by the experimental results (sections V-2, -3, -5). It 
should be pointed out that 21 represents the first 
EBeported reaction product of sulfur atoms with an 
aromatic substrate; with benzene, the only observable 
reaction was polymerization.+44 The dramatic increase 
in the yield of 21 when PFTMT is already present in the 
reaction mixture suggests that steps [40] and [41] are 
quite efficient. 

Trimer 17 is a major secondary product and the 
spectral data did not allow a definitive choice between 


the possible structures liva and i7b. The only reasonable 


pathways for the formation of 17b are 


s \ Peco) & [44] 


ep) 
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(Ope 
S w 
I v, Ds Sore = 
S 


However, product 14 is only formed an low yreld and is 

only marginally time dependent, and for these reasons 

is unlikely to be a precursor of l7b. Step [45] can also 

be discounted because the 2+2 cycloaddition reaction of 
102 


thiirene has not been observed, furthermore, this 


reaction would feature a higher E. in comparison to step 
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[43]. On the other hand, trimer 1? decomposes thermally 
to yield PFIMT, and CAF. was demonstrably absent. fThis 
result is significant since elimination of PFTMT can be 


readily visualized from isomer a, 16H 


> e 
[46] 
eet a Coan. 
: : : 
lia 


bug not. trom asomer b- “This result strongly supports the 


assignment of structure a to the trimer 17. 
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CHAPTER. VI 
SUMMARY AND CONCLUSIONS 


Sie) atoms react with CoH, LO ViLela waiiy btitiol ever) 
and thiirane (Th). The VT/Th ratio decreases with increas- 
ing exposure time and increases with total pressure and 
COS/C.4H, EaAbro,, Lrom which itis concluded thac Vr forms 
by a dual mechanism, direct insertion of the ADs atom 
Inco ches C-H bone, and. 1somertzati on, Ob the, initially 


formed “hot” thirrane.=) The overall reaction Consists of 


the following elementary steps: 


GS en) == ee 2 Sea, (678) [la] 

Se core) (333) [1b] 

Gos) + S("D,) —» Co ee, [2a] 

—»cos* + s(3p) [2b] 

CH, + S("D,)—»CH,CHSH [3a] 
Ss 


B/N Ore [3b] 

( Han ae CHCl ce! [4] 
S 

+M — > / \ + M* [5] 
S 

+sGr—>LZ\ (ry) [6] 


CoH, 
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Steady state treatment of this sequence, together with 
Standard polynomial "best fits" for the pressure dependence 
of VT/Th, adequately reproduced the experimentally derived 
zero and high pressure extrapolated yields of VT/Th when 


the following absolute rate constants were assumed: 


Ko = 4.3 x 1013 em- mol + st 

Reels Gace in? eae quel ee 

K35 = 4.2 x 1073 ae mola =: 

ka = Se Ono eae en 
3b 

re eI s ah eS 

ke Seer 5 os 1074 ene pyoah got 


The above results confirm the occurrence of collisional 
deactivation of SiED5) atoms by COS, , step [2b] since 2st 
this reaction is omitted from the kinetic treatment the 
resulting rate equations are in total disagreement with 


experiment. 


Theoretical calculations employing RRKM theory yield 


ky = 126 x Lon" a. for the unimolecular isomerization 
of chemically activated thiirane, in good agreement with 
the experimentally derived value of 5.0 x oes ee. ia) 


these calculations it was assumed that the hydrogen migra- 
tionsproceecds through a: bicyel ic sstructure The sec ot 
frequencies assumed for the internal degrees of freedom 


of the activated complex, together with the estimated 
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activation energy of 55-65 kcal mo1~+ correspond’ to a 


Calculated, AY factor of: 17s 1014 go and an activation 


CHeELropy.oOr Ast 


= 3.501 6u.) © Thewlow Av factor andicatesva 
somewhat rigid structure for the activated complex. “In 
support of these assumptions, ab inittto MO calculations 
show that a value of 62 kcal Toes FOrsthne ering ai1stor tion 
potential of thiirane can brang about an ancrease an the 
€=€-S bend angle from the 65° “equilibrium value, tovabout 
P20" an the activated complex,. thus greatly facilitating 
intramoleculan Ansertion of the sulfur atomeinto the G-i 
bond. 

The novel thiirane-vinylthiol isomerization is 
probably operative in the case of propylene but to a 
considerably lesser extent, owing to the increased number 
of internal degrees of freedom in this molecule. For 
the case of higher alkenes the possible unimolecular 
isomerization could only be studied at low total pressures, 
where secondary photolysis and other losses would very 
likely make quantitative work unreliable. 

i 3 


Both Do and 


Vield a single product), metnylencthtirane (Meth) jain 


P sulfur atoms react with allene to 


nearly quantitative yields at low conversions. The 
hypothetical ansertion® product 1s expected to: bevunstable. 
Furthermore, since SiieDs) atom Insertion anto thei C=H 


bonds (adjacent to the triple bond) of alkynes has not 
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been observed, it 3s possible ithat the martial triple 
bond confered to the allene molecule by hyperconjugation 
will enhance the S(1p5) atom addition over the C-H bond 
insertion. The absence of pressure effects indicates 
that the initially formed hot MeTh undergoes rapid 
collisional deactavyation. 

The room temperature gas phase stability and spectro- 
scopic characterization of MeTh are in excellent agreement 
with those reported in the literature. 

By reference to the measured rate parameters of 


0 (7p) ne Osa resemtone and by analogy with the well 


eee 
documented reactivities of 0(3 : 


Pit and «-Si(=P) satomses wren 
alkenes it was possible to estimate the following values 
for the rate constant and activation energy for the 

3 


S(~P) + C3Hy reaction: 


k = (2-4) x 10” gmol”> s > O< E, < 1 keal mol” 


While elaborate attempts have been described in the 
literature for the general synthesis of allene thiiranes, 


DE appears that only the gas phase reactyons of Sulfur 


atoms with cummulenes constitute a "clean" and quantitative 


LOuUtEe. 
The reactions of sulfur atoms with alkynes are 


exceedingly complex because of the high reactivities of 


i 


the: primary S + alkyne adducts. |) For 3s{ D,) atoms the 
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£Ormationyof So thiirenes is spin and orbital symmetry 


allowed, 
S 
~ 


: + RC=CR' -———» RC=—cCR' (S 


SCD 


“a 
whereas for s(>p) atoms, the formation son ground triplet 


state thioketocarbene is predicted: 


ell 
s (3p) + RC=CR' ———» RC-CR' (To) 


Lie practice, both Stab) and s (3p) atoms react with 
alkynes to yield the same retrievable end products. For 
the case of thiophene products, which are common to all 
the S + alkyne reactions studied to date, the following 


Simplified mechanism is proposed: 


Benzenes were detected only for the cases of C5H, 
and C3F 4H. The room temperature S(*D,) + C5H5 react on 
afeorded only 52% total) product, recovery, (benzene, Ehio— 


phene, CS5)- At 162°C however the yields are 100% and 


the major product (~82%) was CS.- The CS. is probably 
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formed by the interaction of two "hot" thioketene molecules 


and thiophene, from the addition of thiirene to acetylene: 


[>s 6 == oe 
So 


Le is not known how benzene is formed. 


The s(>p) +6 Hy reaction at 162°C on the other hand 


2 
led to only 5% total recovery, suggesting that polymer- 


ieation Of the triplet. adauct, 


neceHeow cr 


5H —> polymer 


0? 
features a markedly lower activation energy than the 
prOducte-forming reaction. 

The reaction with 3,3,3-trifluoropropyne led to the 
formation of a variety of products, the major ones being: 
Propo ecis (trifluoromethyl) benzene, 4, 92, 4-bis(tritiuoro— 
methyl)thiophene, 6, 1,3,5-tris(trifluoromethyl)dewar benzene 
8, and the minor ones being: 3,3,3-trifluorothioketene, 

ZN, carbon disulfide, 25 the uncharacterized oy, 25 = OL 
|,4—bis (tritluoremethy 1) thiophene, 5, and? 2-trviluoromethy]— 
thiophene, 7. The detection of 3,3, 5-trifluorothicoketene 


from the sequence 


S 
aA. 
ae aoa (SEOs a es a0 


ae 


is attributed to the enhanced stability of trifluoromethyl- 


thiirene as compared to parent thiirene, as a result of 


piet santo ats Ho ated in patsanat ae naa 
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therelectnon withdrawing property of the "Cr Group. In 


3 
the presence of C Fe the yvelds of the major products ou 


4 
&, 8 were greatly reduced, the minor products 3 and 7 
were not detected, “and substantial yields of tris- (9) and 
tetra (triftluoromethy |) 10 thiophenes were detected. The 
high yield of 9 suggests a lower reactivity for the 
CF HS adduct with either substrate as compared to the 
C,F¢s Species. Although exposure time studies were not 
Catrred out, it 1s Mikely that i, 6, ee perfluorotetra- 
methylthiophene (PFTMT), tri-substituted dithiin are 


Pramery products and that 2,7) 8 and tetrazsubsti tuted 


benzene ll “are of secondary origin. 


The only product detected from the Stith: 35) + CAPs 
reaction at low conversion is PFTMT. From the effects 
of butyne pressure on the CO yields it was concluded 
that s (3p) atoms react very slowly with Care and that 
the rate constant for the reaction 

S 

SieDy) a Cake i r,c—L\_cr, 

is k > 3.8 x 1079 2 mol) s*. The PFYMT yield gradually 


increases with increasing C,F_/COS ratios reaching 46% 
£O% CyF./COS = 19, the highest ratio examined. Total 
Pressure only marginally enhances the PFIMT yield. 

The PFTMT yield increases with increasing temperature, 


reaching 100% at 2=146°C fon S(>P) atoms. From the 
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Arrhenius plot or the ratios tor the reactions 


Neo) COS ae COr S5 
i 
2 onl 
+ Fy paceman P3CC-CCF, (To) 


the rate constants and the activation energy for reaction 


6 ee! 


2iwere-estimated to be k~ = (3279 2 0nS0)es 10. &mol = c 


2 
and ES =a) bee eee koal ole The loweA tactor, 


De se Wd! Peels oe. points to significant steric 


hindrance by the bulky CF, groups; dipole interaction 


3 
between CF, groups and s(*P) atoms may also be occurring 
as suggested by the relatively high activation energy 
when compared to the negative activation energy of 
CH,-C=C-CH.. mhe rate of .electrophiliciattack by the 

3 


S(+P) atom on the triple bond 12s drastically teduced as 


compared to CoH, owing to the inductive effect of the 
CF. Groups . 

The corresponding Arrhenius plot of the ratio sPFTMT/ 
(100-3PFTMT) resulted in a curve which can be resolved 
into two nearly linear regions, suggesting that either 
two different product-forming reactions are operative 
in the system, or more than one loss mechanism for the 
C,F¢s species is operative. The lower temperature region 
features E nsec ea | jel and at higher temperatures 
he ee Ae ere emt Even though CyF¢s may decay by more 


a 
than one mechanism it is likely that the activation 
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energies associated with various possible isomerization, 
polymerization, eta, reacttons are @losestouzero,) Hence, 
it is postulated that the temperature dependence of the 
Fatlo refers only to the product-ftorming neactions and 


that the low activation energy is associated with the 


reaction : 
CaCilt 
§ ee 
Pore C-CF a 
PAC Cac CF, (T)) + Cee ee a 3 a) an : (S5) 
Ten tad 
S 


3 
| 
ae TA Isc 
Pcie ieee 0 ee : (T,) Teo (So) 


S 


The analogous Arrhenius plot for the SD) system 


resulted in even more pronounced curvature, indicating 


2a 


that an additional reaction 1s “operative in) the system, 1.¢e., 


S 
(CES) 
CF ,— PEND OR MS) ae Gy ee (So) 


having an activation energy in the region 5 < EB, = LOrkeal 
noes 


The main features of the S + CEE + CoH, system at 


142°C can be ;:summarized as follows: 
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i) the presence of small amounts of acetylene 
drastically reduced the initial PFTMT yield, 


but subsequent additions of C H had a more 


2 
gradual effect. These observations are 
consistent with the low reactivity of s (7p) atoms 
with PFB-2 as compared to acetylene. 

ii) Benzene and thiophene were not detected even 


ae the highest "concentration of € Ho employed, 


Z 
and cS, appeared in increaSing trace amounts 

Oni Vert or P(C.H,) ok OUNCOmG we, sb tc (EEE UOLO- 
methyl)-thiophene was formed in yields proportional 
to the CoH, pressure and at the same time the 
yields of PFTMT declined. 


The major competing reactions in this system were 


assumed to be: 


a oe 


S 
/ / 
foe + C,F.—_-~ \ 23] 
4° 6 
S 
+ C,H, ————~ polymer [24] 
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Kinetic analysis of the data led to the following rate 


. k k k 
Constant ratios i: = Aoe 220 Oncor ya gs 100 
“13 Aa ne 
; Y 10 -l1 -l 
from which kK) =O 2 0 Came t s 2 i “Cam Lurene: 


be deduced that 27 3—bi's (Crifluoromethy)) thiophene is 
formed mainly by reaction [22] and that only a small 
Sonteibutron,, 1f any, Comes fLom ceaction) [251% in the 
presence of CoH» thiirene is lost via rapid isomerization 
to ethynylthiol and thioketene. 

With the increasing conversion, a large variety of 


products were detected from the S + C,F reaction, many 


6 
of which have not been reported in the literature. The 
following reactions are proposed to account for the major 


ones: 
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All these products, with the exception of dithiin 18, 
are secondary in origin. 

The reactions of sulfur atoms with PFTMT, leading 
tor product 21, represents the first reported case with 
an aromatic substrate. 

The product recoveries from the S + alkyne systems 
examined to date parallel the previously reported 
Stabilities for thiirene and trifluoromethyl-substituted 
thiirenes. It is assumed that the thiophenes are formed 
from either thiirene or (Singlet) thioketocarbene 
precursors, and that the formation of electronically 
excited triplet state thiophenes from triplet state 
thioketocarbenes is energetically unfavourable. The 
presence or absence of phosphorescence in the photolyzate 
as a function of temperature, probably would resolve the 
later point. 

The addition reaction with the C,F,¢s adduct is 
Capable of undergoing with 3,3,3—-trafluoropropyne leading 
to the formation of the tris(trifluoromethyl) thiophene 
merits further studies: along with more detailed and 


extensive competetive experiments, further insight into 
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the nature and chemical reactivity of these and other 


S + alkyne species, could be deduced. 
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IV. Kinetic analysis. 


Secacy State treatment of the: Che =C=C-Cre + (€.uH 
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which yields the second degree polynomial: 
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